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ABSTRACT
This  th e s i s  examines e x t r a c e l l u l a r  a f t e r p o t e n t i a l s  in  the r e t i n a  o f  
D rosoph i la  m e lan ogas te r . The r e s u l t s  p resen ted ,  and comparison o f  
these  w i th  the a v a i l a b l e  i n t r a c e l l u l a r  r e co rd in gs ,  i n d i c a t e  tha t  the 
ERG o f  D rosoph ila  i s  a sca led  down v e r s i o n  o f  the transmembrane
p o t e n t i a l s  o f  c la s s e s  o f  r e t i n u l a  c e l l s .  The a f t e r p o t e n t i a l s  i n v e s t i ­
gated are  due to r e t i n u l a  c e l l s  R1-R6.
A f t e r p o t e n t i a l s  in  pho to recep to rs  a re  known to be a s soc ia t ed  
w i th  b i - s t a b l e  v i s u a l  p igments.  Evidence  i s  presented  which
sugges ts  tha t  the pro longed d e p o la r i s in g  a f t e r p o t e n t i a l  (PDA) o f
R1-R6 in  Drosoph i la  r e s u l t s  from a component o f  the membrane
conductance o f  these c e l l s  which i s  c o r r e l a t e d  w i th  the quan t i t y  o f  
metarhodopsin (M580) genera ted  by a s t imulus .
A s im u la t ion ,  using a membrane model and assuming the M580- 
conductance,  p r e d i c t s  a number o f  the exper im enta l  f i n d i n g s :  f o r
example,  a high n eg a t i v e  c o r r e l a t i o n  between the ERG d . c .  p o t e n t i a l  
and the s i z e  o f  the ERG response  to a t e s t f l a s h ,  and a s igm o ida l  
d e c l i n e  o f  the d . c .  p o t e n t i a l  when M580 i s  e l im in a ted  by long-wave-  
|£ngth l i g h t .  The s im u la t ion  a lso  p r e d i c t s  e f f e c t s  upon the c l a s s i c  
V - l o g  I  curve which are  d e tec ted  in  the C a l l i phora data  o f  Razmjoo 
and Ramdorf (1976) .
Some o f  the phenomena o f  the PDA repo r t ed  in  o th e r  spec ie s  
( Limulus and Balanus) can on ly  be r e p l i c a t e d  in  D rosoph i la  a f t e r  
sm a l l  doses o f  b lue  l i g h t  which induce " b r i e f  a f t e r p o t e n t i a l s " .  These 
phenomena (decay o f  the a f t e r p o t e n t i a l  independent ly  o f  the decay o f  
metarhodopsin and suppress ion  of  the a f t e r p o t e n t i a l  by p rev ious  
metarhodopsin to rhodopsin con vers ion )  have been taken by o thers  as 
ev id en ce  f o r  an " e x c i t o r - i n h i b i t o r "  model o f  phototransduct  ion .  The
va lue  o f  t h i s  model i s  questioned and a b i o p h y s i c a l  model o f  the 
even ts  in  the Drosoph i l a  pho to recep to rs  i s  p resen ted .
The a f t e r p o t e n t i a l  i s  shown to occur in  w i l d t y p e  ( red  eyed ) 
D rosop h i la ,  and to have behav ioura l  consequences.
A model o f  e x t r a c e l l u l a r  p o t e n t i a l s  based on capac i tan ce  i s  
advanced. This  may shed l i g h t  on e l e c t r i c a l  p o t e n t i a l s  in  e x t r a c e l ­
l u l a r  compartments such as the r e t i n a  o f  i n s e c t s .
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CHAPTER 1
INTRACELLULAR AND EXTRACELLULAR AFTERPOTENTIALS IN THE RETINA OF 
DROSOPHILA
1: In t r o d u c t i o n
V is i o n  i s  u s e fu l  to animals in  many ways, f o r  in s tance  in  the 
s e l e c t i o n  o f  h a b i t a t s ,  the l o c a t i o n  o f  mates, the d e t e c t i o n  o f  
p reda to rs  and o r i e n t a t i o n  in  space (Brown, 1975).  One of  the 
c h a r a c t e r i s t i c s  o f  sensory systems in  gen era l  i s  t h e i r  a b i l i t y  to 
o b ta in  u s e fu l  in fo rm a t io n  about the environment ove r  a wide range o f  
s t imulus i n t e n s i t i e s .  Th is  i s  a d i f f i c u l t  task  f o r  a l i n e a r  system. 
Animals have so lved  t h i s  problem in  two ways, (1 )  the bas ic  response 
o f  sensory r e c e p to r s  i s  n o n - l in e a r  and ( 2 ) the range of  o p e r a t i o n  of  
the  r e c e p to r  a l t e r s  to s u i t  the input ,  a p rocess  c a l l e d  ad ap ta t ion .  
The mechanisms in vo l v ed  in  both  o f  these  processes  a re  p o o r l y  
understood.  This  t h e s i s  i s  about a f t e r p o t e n t i a l s  in  the r e t i n a  o f  
Drosoph i la  which prove  to r e f l e c t  a l t e r a t i o n s  in  the performance o f  
c l a s s e s  o f  p h o to r e c ep to r s .  Whether t h i s  change in  per formance,  o r  
ad ap ta t ion ,  i s  " a d a p t i v e "  i n  an e v o lu t i o n a r y  sense i s  not c l e a r ,  but 
an understanding o f  i t s  mechanism may o f f e r  an i n s i g h t  in to  the 
gen e ra l  problems o f  the response and the p l a s t i c i t y  o f  sensory  c e l l s .
The v i s u a l  systems o f  i n v e r t e b r a t e s ,  p a r t i c u l a r l y  o f  i n s e c t s ,  
and among the i n s e c t s  p a r t i c u l a r l y  those o f  f l i e s ,  have been sub jec t  
to  i n v e s t i g a t i o n  f o r  many y ea rs .  A number o f  r e cen t  symposium
volumes in d i c a t e  curren t  i n t e r e s t  in  the f i e l d  (Langer ,  1972; Wehner, 
1972; H or r id ge ,  1974; Snyder and Menze l ,  1975).  The f i e l d  can be 
n e a t l y  d i v id e d  in to  ana tom ica l ,  p h y s i o l o g i c a l  and behav iou ra l  subdis ­
c i p l i n e s .  Goldsmith (1973) i s  an e x c e l l e n t  g e n e ra l  r e v i ew ;  Goldsmith 
(1964) and Goldsmith and Bernard (1974) a r e  rev iews  devoted  to the 
i n s e c t  v i s u a l  system and Pak (1975) and Pak and P in t o  (1976) a r e  
r ev iews  which con ta in  l a r g e  s e c t i o n s  s p e c i f i c a l l y  concerned w i th  work 
r e l a t i n g  to the f r u i t f l y  D rosoph i la  melanoga s t e r  which i s  the sub jec t  
o f  t h i s  t h e s i s .
At i t s  p e r ip h ery  the v i s u a l  system of d ip t e ra n  f l i e s  comprises  
a sha l low  l a y e r  o f  pho to recep to rs  l y in g  proximal  to the cornea l  
su r fa c e  o f  the compound eye:  t h i s  l a y e r  i s  c a l l e d  the p e r ip h e r a l  
r e t i n a .  The p h o to r e c ep to r  c e l l s  l y i n g  in  the r e t i n a  c o n s i s t  o f  l a r g e
c e l l  bod ies,  and smal l  r o d - l i k e  s t ru c tu re s  £ to the cornea l
su r fa c e  o-tt- c a l l e d  rhabdomeres. The p h o to r ec ep to r  c e l l s  a re  primary 
sensory  neurons and t h e i r  axons pass p ro x im a l l y  to h igh e r  o rder  
g a n g l i a :  the lamina g a n g l i o n a r i s  and the medulla ( T r u j i l l o - C e n o z ,
1965; B ra i t e n b e rg ,  1967).  Three  do rsa l  o c e l l i  complete  what i s  known 
o f  the input to the v i s u a l  system of d ip t e r a n  f l i e s  ( r e v i ew s  in
Goldsmith  and Bernard, 1974, Pak, 1975, Pak and P i n t o ,  1976)
M ic r o s t r u c tu r a l  d e t a i l s  a re  descr ibed  below and i l l u s t r a t e d  in  F i g .  
1 .
Studies  o f  the v i s u a l  behaviour o f  D rosoph i la  have covered 
p h o to ta x i s  ( e . g .  Harr is  e t  a l . ,  1976; Jacob e t  a l . ,  1977),  co lour  
v i s i o n  ( e . g .  Schuemperl i ,  1973; Menne and Spatz ,  1977) and ana lyses  
o f  v i s u a l  a c u i t y  and the performance o f  movement d e t e c t i o n  tasks ( f o r  
a comprehensive r e v i ew  and r e v i s i o n  o f  p rev ious  i n t e r p r e t a t i o n s  see  
Heisenberg  and Buchner, 1977).  The behav ioura l  work w i l l  be descr ibed  
more f u l l y  a t  the end of  t h i s  chapter  and in  chapter  5 .
F igure  1: A schemat ic  diagram i l l u s t r a t i n g  the g ross  anatomy o f  the
v i s u a l  system o f  D rosoph i la  and the numbering system f o r  the r e t in u la  
c e l l s  ( f rom  Heisenberg  and Buchner, 1977).  In  the r e co rd in g  method 
used in  th i s  t h e s i s  an e l e c t r o d e  was p laced  in  the r e t i n u l a  c e l l  (Rc )  
r e g i o n  o f  the eye ( th e  p e r ip h e r a l  r e t i n a ) .  The e l e c t r i c a l  p o t e n t i a l  
between such an e l e c t r o d e  and an e l e c t r o d e  in  the haemolymph of  the 
f l y  i s  c a l l e d  the ERG. D e s p i t e  the l o c a t i o n  o f  the e l e c t r o d e s ,  the 
ERG inc ludes  e l e c t r i c a l  responses which o r i g i n a t e  in  the lamina ( L a ) . 
F igu re  2 shows the type o f  reco rd  tha t  can be obta ined using the ERG 
re co rd in g  techn ique .
F ig . 1. Schem atic  d raw ing  o f  the d ip te ran  eye and  optic ganglia; Cr, Crystalline cone; La, L am ina ;  
Le. Lenslet .  Lo, L o b u la ;  Me,  M edu l la ;  O, O m m at id iu m ; Rc, R eceptor  cell (after Kirschfeld, 
1971). Inset figure: crosscction o f  retinula cells in one om m atid ium
P h y s i o l o g i c a l  workers have concentra ted  on i n v e s t i g a t i o n  of  
the  e l e c t r i c a l  even ts  o ccu r r ing  -  l a r g e l y  -  in  the p e r ip h e r a l  r e t i n a ,  
o r  pho to r ec ep to r  l a y e r  o f  the e ye ,  and the b iochem ica l  b as i s  o f  these  
e v e n ts .  Most o f  the e l e c t r i c a l  s tud ie s  have made use o f  a g ross  
e x t r a c e l l u l a r  e l e c t r i c a l  p o t e n t i a l  which can be measured between the 
p e r ip h e r a l  r e t i n a  and the gen e ra l  haemolymph o f  the f l y ,  and which 
a l t e r s  accord ing  to the i l l u m in a t i o n  app l ied  to the e ye .  Th is
p o t e n t i a l  i s  c a l l e d  the e l e c t r o r e t i n o g r a m  and i s  abb rev ia ted  to ERG. 
The ERG i s  e a s i l y  measured and has been used e x t e n s i v e l y  in  at tempts  
to  c h a r a c t e r i s e  to per formance o f  the v i s u a l  system or  in  sc reen ing  
techn iques  to i s o l a t e  v i s u a l l y  d e f e c t i v e  mutants ( s e e  He isenberg and 
G oetz ,  1975; Pak, 1975).  L a r g e r  d i p t e r a  have a lso  been examined by 
measuring the e l e c t r i c a l  p o t e n t i a l  in s id e  i n d i v id u a l  p h o to r e c ep to r
c e l l s  ( e . g .  C a l l i p h o r a : Washizu, 1964).  S im i la r  i n t r a c e l l u l a r  r e c o r ­
d ings  a re  r e p o r t e d l y  d i f f i c u l t  to ob ta in  from the pho to recep to rs  of
Drosoph i la  because o f  t h e i r  smal l  s i z e .  .But r e c e n t l y  these  d i f f i c u l ­
t i e s  have apparen t ly  been ove rcane ,  and a t  l e a s t  o ccas ion a l  i n t r a c e l ­
l u l a r  r e co rd in gs  have been obta ined  from c e l l s  in  the r e t i n a  o f  
D rosoph i la  (A law i  and Pak, 1971; see  Pak and P in t o ,  1976) and even
from c e l l s  in  the lamina ( g a n g l i o n a r i s )  (A law i  and Pak, 1971).
D e sp i t e  these  advances in  techn ique ,  the ERG remains the most w id e l y  
used and p r o d u c t i v e l y  employed measure in  the i n v e s t i g a t i o n  o f  the 
e l e c t r i c a l  performance of  the Drosoph i la  v i s u a l  system ( e . g .  Cosens
and B r i s c o e ,  1972; Cosens and W r igh t ,  1975; Har r is  e t  a l . ,  1976; 
Wright  and Cosens, 1977).
The ERG o f  f l i e s  i s  complex, be ing  composed of  a susta ined
n e g a t i v e  go ing l i g h t  response  upon which a r e  superimposed rapid 
t r a n s i e n t  p o t e n t i a l s  a t  the i n i t i a t i o n  and the t e rm in a t io n  o f  a 
s t imulus ( s e e  F i g .  2; Cosens and W r igh t ,  1975).  In  the at tempt to
F igu re  2: These records  i l l u s t r a t e  the complex ERG response  of
Drosoph i l a  which inc ludes  f a s t  lamina t r a n s i e n t s  when the st imulus 
goes on and when i t  goes o f f  ( e ) . A f t e r  b lu e -a d a p ta t i o n  the response 
i s  monophasic,  th a t  i s  the lamina t r a s i e n t s  a re  absent ( d ) .  (From 
Cosens and Wr igh t ,  1975) .  Each p i c t u r e  shows responses to s t im u l i  
which v a r i e d  in  i n t e n s i t y  o v e r  a range of  5 l o g  u n i t s .
(Oo /w  5
determ ine  the c e l l u l a r  o r i g i n  o f  the ERG a number o f  techniques  have 
been used: these  a r e  rev iewed in  Goldsmith  (1964) and Goldsmith and 
Bernard (1974).  The s low susta ined  n eg a t i v e  go ing response i s  
b e l i e v e d  to a r i s e  due to the a c t i v i t y  o f  the p h o to r e c ep to r  c e l l s  in  
the  r e t i n a ;  the rap id  t r a n s i e n t s  have been shown to a r i s e  due to the 
a c t i v i t y  o f  c e l l s  in  the f i r s t  o p t i c  g a n g l ion ,  the lamina ( e x t r a c e l ­
l u l a r  ev id ence :  Heisenberg ,  1971; i n t r a c e l l u l a r  r e co rd in g s :  A law i  and 
Pak, 1971).
A much f i r m e r  and f u l l e r  understanding o f  the o r i g i n  o f  the 
ERG has a r i s e n  from the i n t e r p r e t a t i o n  o f  pro longed d e p o la r i s in g  
a f t e r p o t e n t i a l s  which a r i s e  in  the r e t i n a  o f  wh i t e - e yed  Drosoph i la  
a f t e r  per iods  o f  i l l u m in a t i o n  o f  the eye w i th  b lue l i g h t  (Cosens and 
B r i s c o e ,  1972).  The understanding which emerges a l lows  the ERG to be 
used as a t o o l  to i n v e s t i g a t e  the behaviour o f  i n d i v i d u a l  c la s s e s  o f  
c e l l s  in  the r e t i n a  o f  D rosoph i la  (Cosens and W r igh t ,  1975).  The ERG 
i s  used in  t h i s  way in  t h i s  t h e s i s .
1.1: A f t e r p o t e n t i a l s  in  the R e t in a  o f  Drosoph i l a
A l l  o f  the publ ished work on the a f t e r p o t e n t i a l s  in  the r e t i n a  of 
Drosoph i l a  has been done on w h i t e - eyed  mutants;  w i ld t y p e  ( r e d - e y e d )  
Drosoph i l a  have not been shown to behave in  the same way (Cosens and 
B r i s c o e ,  1972).  For s i m p l i c i t y ,  however,  and because a method of  
r e p l i c a t i n g  the r e s u l t s  in  w i ld t y p e  Drosoph i la  i s  descr ibed  in  
chapter  5, the d e s i g n a t i o n  "w h i t e - e y e d "  i s  g e n e r a l l y  omit ted  below.
Long-te rm changes in  the r e s t i n g  p o t e n t i a l  ac ross  the memb­
ranes of  c l a s s e s  o f  c e l l s  in  the r e t i n a  o f  D rosoph i la  melanoga s t e r  
can be i n f e r r e d  from long- te rm  changes in  e x t r a c e l l u l a r  and i n t r a c e l ­
l u l a r  p o t e n t i a l s ,  recorded r e l a t i v e  to a remote e l e c t r o d e ,  say, in  
the thorax of  the f l y  (ERG: Cosens and B r i s c o e ,  1972; i n t r a c e l l u l a r :  
Minke e t  a l . ,  1975).
Blue l i g h t  induces pro longed p o t e n t i a l  changes correspond ing  
to  the d e p o l a r i s a t i o n  o f  the transmembrane p o t e n t i a l  of  a c l a s s  of  
c e l l s  in  the eye .  This  d e p o l a r i s i n g  change in  r e s t i n g  p o t e n t i a l ,  o r  
d e p o l a r i s in g  a f t e r p o t e n t i a l ,  may l a s t  f o r  s e v e r a l  hours a f t e r  the 
t e rm in a t io n  o f  the blue s t imulus ,  but the r e s t i n g  p o t e n t i a l  i s
r e s t o r e d  to i t s  i n i t i a l  va lue  by orange l i g h t  (Cosens and B r i s c o e ,  
1972).  Th is  "b lue/o ran ge "  e f f e c t  has been a t t r i b u t e d  to changes in  
the r e s t i n g  p o t e n t i a l  ac ross  the membranes o f  r e t i n u l a  c e l l s  R1-R6 in  
the r e t i n a  ( s e e  F i g .  1 f o r  the c e l l  nomenclature ;  Cosens and Wr igh t ,  
1975; Minke e t  a l . ,  1975; H ar r is  e t  a l . ,  1976).
1.2:  Evidence f o r  the Neura l O r i g in  o f  the Blue L i g h t  Induced
A f t e r p o t e n t i a l
During the pro longed  a f t e r p o t e n t i a l  in  the ERG o f  Drosop h i l a  which 
f o l l o w s  i l l u m in a t i o n  w i th  blue  l i g h t  a r e s id u a l  monophasic response 
to  l i g h t  remains (Cosens and B r i s c o e ,  1972 see  F i g .  2 ) .  Th is  response 
lacks  the f a s t  on and o f f  t r a n s i e n t s  o f  the t y p i c a l  ERG and which 
o r i g i n a t e  in  the lamina (H e is enbe rg ,  1971; A law i  and Pak, 1971).  Th is  
monophasic response resembles  the i n t r a c e l l u l a r  r e c e p to r  p o t e n t i a l  of  
R1-R6 recorded  by A law i  and Pak (1971) and c l a s s i c  i n t r a c e l l u l a r
re co rd in gs  from d ip t e ra n  pho to recep to rs  ( C a l l i ph o ra : Washizu, 1964).  
I t  i s  l i k e l y ,  t h e r e f o r e ,  to  be a r e c e p t o r  p o t e n t i a l ,  but i t  i s  not 
l i k e l y  to be tha t  o f  c e l l s  R l —R6 because these  c e l l s  have axons which 
synapse in  the lamina w h i l e  those o f  the c e n t r a l  c e l l s  R7 and R8 pass 
through the lamina without  synapsing (Power ,  1943; T r u j i l l o - C e n o z ,
1965; B ra i te n b e rg ,  1967) .  On th is  e v id en ce  Cosens and W righ t (1975) 
concluded th a t  the monophasic response i s  the r e c e p to r  p o t e n t ia l  of 
the  c e n t r a l  c e l l s  R7 and R8 . They te s ted  th is  id ea  by measuring the 
s p e c t r a l  s e n s i t i v i t y  o f  the monophasic response .
D ip te ra n  r e t in u la  c e l l s  R1-R6 respond m axim ally around 480 to 
510 nm; the c e n t r a l  c e l l s  R7 t o g e th e r  w ith  R8 respond maxim ally 
around 470 nm (re v iew ed  in  Snyder and Pask, 1973; R7 i s  now known to 
be an u l t r a v i o l e t  r e c e p to r :  H arr is  e t  a l . , 1976, see  b e lo w ) .  Cosens 
and W righ t (1975) found th a t  the dark-adapted ERG o f  D rosop h ila  
responds m axim ally  around 490 to  500 nm w h i le  the monophasic response 
responds maximally around 460 nm: a r e s u l t  c o n s is t e n t  w ith  the id ea  
th a t  the dark-adapted ERG i s  dominated by the response o f  c e l l s  
R1-R6 w h i le  the monophasic response i s  dominated by c e l l s  R7 and R8 , 
and th a t  the a c t i v i t y  o f  R1-R6 i s  suspended during the b lue l i g h t  
induced a f t e r p o t e n t i a l .  They a ls o  found th a t  the s e n s i t i v i t y  o f  the 
monophasic response was two lo g a r i th m ic  u n its  low er  than th a t  o f  the 
dark-adapted  ERG: a r e s u l t  which i s  c o n s is t e n t  w ith  h igh  and low
s e n s i t i v i t y  measurements o f  the s p e c t r a l  s e n s i t i v i t y  o f  D rosop h ila  
ob ta ined  in  b eh av iou ra l experim ents  by Schuemperli (1973 ) .
These data in d ic a t e  tha t R1-R6, which have h igh ab so lu te  
s e n s i t i v i t y ,  may be rendered d ep o la r is ed  and unrespons ive  by an 
a f t e r p o t e n t i a l  induced by b lue  l i g h t ,  w h i le  the c e n t r a l  c e l l s  R7 and 
R 8 , which have low a b so lu te  s e n s i t i v i t y ,  a r e  p robab ly  not su b jec t  to 
a b lue l i g h t  induced a f t e r p o t e n t i a l  and remain re sp o n s iv e .
Minke e t  a l .  (1975) independen t ly  obta ined  s i m i l a r  data  and 
came to the same conc lus ions  as Cosens and Wright  (1975 ) .  In  a d d i t i o n  
they were s u c c e s s f u l ' i n  r e co rd in g  a blue l i g h t  induced a f t e r p o t e n t i a l  
us ing  i n t r a c e l l u l a r  reco rd ing  techniques  in  29 out o f  30 pene tra ted  
c e l l s  in  the r e t i n a .  While  t h i s  high r a t i o  o f  s u c ce ss fu l  r e co rd in gs
o f  the a f t e r p o t e n t i a l  seems to imply tha t  a l l  o f  the pho to recep to rs  
in  the r e t i n a  respond to blue l i g h t  w i th  an a f t e r p o t e n t i a l ,  Minke e t  
a l .  regard  i t  as most l i k e l y  tha t  the 29 s u c c e s s fu l  r e co rd in gs  were 
from the R1-R6 c e l l  c l a s s .  U n fo r tu n a te l y  the pene t ra ted  c e l l s  were 
not  i d e n t i f i e d  h i s t o l o g i c a l l y  by dye i n j e c t i o n .
Fu r the r  ev idence  tha t  the pro longed e f f e c t s  o f  blue l i g h t  upon 
the  pho torecep to rs  o f  the Drosoph i la  compound eye a re  con f ined  to 
R1-R6 was obta ined  by Cosens (1976 ) .  He found tha t  pro longed exposure  
o f  w h i t e -eyed  Drosoph i la  to b lue l i g h t  r e s u l t s  in  d egen e ra t io n  o f  the 
s t r u c t u r e  o f  the rhabdomeres o f  c e l l s  R1-R6 but not o f  those  o f  R7 o r  
R8 . Y e l l o w  l i g h t  did not induce d egen e ra t ion  in  any o f  the r e t i n u l a  
c e l l s  (Cosens, 1976).  T oge the r  w i th  the p r e v i o u s l y  d escr ibed  e v id e ­
nce ,  t h i s  r e s u l t  sugges ts  tha t  the v i s u a l  pigment o f  R1-R6 d i f f e r s  
from tha t  o f  the c e n t r a l  c e l l s  R.7 and R8 . Cosens'  da ta  i n d i c a t e  tha t  
the  extended presence  o f  a photoproduct o f  blue l i g h t  in  R1-R6 o f  
D rosoph i la  d i r e c t l y  induces membrane i n s t a b i l i t y  which leads  to 
d eg en e ra t i o n .
The r e s u l t s  obta ined  by Cosens and Wright (1975) and Minke e t  
a l .  (1975) have been thoroughly  c o r robo ra ted  by H arr is  e t  a l . (1976) 
us ing m orpho log ica l  mutants in  which R1-R6 a r e  absent ( r e v i ew ed  in  
Pak and P in t o ,  1976; see  b e lo w ) .
An a d d i t i o n a l  s e t  o f  e v en ts ,  e s s e n t i a l l y  s i m i l a r  to the
blue/orange  e f f e c t s  descr ibed  above , has been descr ibed  by Minke e t
a l .  (1975) and Harr is  e t  a l . (1976 ) .  In  t h i s  case the a f t e r p o t e n t a l  
i s  induced by u l t r a v i o l e t  (UV) l i g h t  and can be e l im in a ted  by b lue
l i g h t .  This  "UV/blue" e f f e c t  can be a t t r i b u t e d  to changes in  the
r e s t i n g  p o t e n t i a l  ac ross  the membranes o f  one o f  the c e n t r a l  c e l l s :  
R7 (H a r r i s  e t  a l . ,  1976).
Both the blue/orange  and the UV/blue e f f e c t s  in  the Drosoph i la
r e t i n a  a re  c h a rac t e r i s ed  by pro longed changes in  the r e s t i n g  poten­
t i a l  o f  sensory neurons. And in  both cases these  e l e c t r i c a l  e ven ts  
a r e  a s soc ia t ed  w i th  pho toconvers ions  occur r ing  w i t h in  a b i - s t a b l e  
v i s u a l  pigment system.
1.3: B i - S ta b l e  V isua l  Pigment Systems in  Drosoph i la
Two c la s s e s  o f  r e t i n u l a  c e l l s  i n  the compound eye o f  D rosoph i la  
c o n ta in  a v i s u a l  pigment which may e x i s t  in  e i t h e r  o f  two s t a b l e  but 
p h o t o c o n v e r t i b l e  s t a t e s  ( s e e  be low f o r  a comparison o f  b i - s t a b l e  
v i s u a l  pigment systems w i th  the v e r t e b r a t e  v i s u a l  pigment sys tem ) .  
These two c la s s e s  o f  c e l l s  a r e  the s i x  p e r ip h e r a l  r e t i n u l a  c e l l s  o f  
each ommatidium: R1-R6, and one o f  the c e n t r a l  r e t i n u l a  c e l l s :  R7, i n  
which pro longed  d e p o la r i s in g  a f t e r p o t e n t i a l s  occur .  Toge the r  these  
two c la s s e s  o f  c e l l s  account f o r  seven e ig h th s  o f  the sensory  c e l l s  
i n  the r e t i n a  o f  the f l y .
The two s t a t e s  o f  the v i s u a l  pigment mo lecu le  w i t h in  bo th  of 
these  c la s se s  o f  r e t i n u l a  c e l l s  absorb l i g h t  maximally a t  d i f f e r e n t  
wave leng ths .  For in s tance  in  R1-R6 the s t a t e  o f  the v i s u a l  pigment 
molecu le  found in  a c om p le te ly  dark-adapted r e t i n a  absorbs l i g h t  
maximal ly  a t  480 nm and i s  c a l l e d  rhodopsin R480. I r r a d i a t i o n  o f  t h i s  
v i s u a l  pigment w i th  blue l i g h t  (ap p rox im a te ly  480 nm) y i e l d s  a 
molecu le  which absorbs maximal ly  a t  580 nm and i s  c a l l e d  metarhodo- 
p s in  M580. I r r a d i a t i o n  o f  M580 w i th  orange l i g h t  ( ap p rox im a te ly  580 
nm) y i e l d s  the rhodopsin R480 aga in  (Pak and L id in g t o n ,  1974; Os troy  
e t  a l . , 1974; H ar r is  e t  a l . ,  1976).
The p o s i t i o n s  o f  the absorbance maxima o f  the b i - s t a b l e  v i s u a l  
pigment o f  R1-R6, the  s t a b i l i t y  o f  the metarhodops in ,  and the way in  
which the two s ta t e s  o f  the v i s u a l  pigment may be in t e r c o n v e r t e d  by
blue and orange l i g h t  s t r o n g l y  i m p l i c a t e  in t e r c o n v e r s i o n s  o f  the 
rhodopsin  R480 and i t s  metarhodops in M580 in  the causa t ion  o f  the 
b lue/orange e f f e c t  e l e c t r i c a l  even ts  d escr ibed  above (Pak and L i d i n g -  
ton ,  1974; Cosens and W r igh t ,  1975; S tark ,  1975; Minke e t  a l . ,  1975; 
H ar r i s  e t  a l . ,  1976).  The a c t i o n  sp e c t r a  f o r  the b lue/orange e f f e c t  
a r e  c o n s i s t en t  w i th  the ab so rp t ion  sp e c t r a  o f  t h i s  v i s u a l  pigment 
p a i r  (S ta rk ,  1975) and the a c t i o n  sp e c t r a  o f  the UV/blue e f f e c t  a r e  
c o n s i s t e n t  w i th  the ab so rp t ion  s p e c t r a  o f  the b i - s t a b l e  v i s u a l  
pigment in  R7 (H a r r i s  e t  a l . ,  1976).
H ar r i s  e t  a l .  (1976) c h a r a c t e r i s e d  a s e r i e s  o f  m orpho log ica l  
mutants o f  Drosoph i l a  in  which whole c l a s s e s  o f  r e t i n u l a  c e l l s  a re  
absent .  T h e i r  p h y s i o l o g i c a l  s tu d ie s  w i th  these  mutants ( a )  con f irm 
th a t  the b lue/orange  e f f e c t  i s  due to R1-R6, (b )  l o c a l i s e  the UV/blue 
e f f e c t  to R7 and ( c )  a l l o w  i d e n t i f i c a t i o n  o f  the v i s u a l  pigments  of  
R1-R6 and R7. P h y s i o l o g i c a l  s tu d ie s  w i th  mutant animals always r a i s e  
problems because o f  the p o s s i b i l i t y  o f  p l e i o t r o p i c  e f f e c t s  caused by 
the  mutant gene.  In  t h i s  case ,  however,  the c l o s e  correspondence  of  
r e s u l t s  obta ined  by the use o f  mutants w i th  the pure ly  p h y s i o l o g i c a l  
r e s u l t s  d escr ibed  above e l im in a t e s  t h i s  as a major problem.
The compound eye o f  Drosoph i l a  comprises some 800 ommatidia -  
s t r u c t u r a l  u n i t s  o f  the eye ,  each l y i n g  beneath a s i n g l e  cornea l  lens  
-  each o f  which con ta in s ,  i n  a d d i t i o n  to accessory  s t ru c tu r e s  and 
c e l l s ,  e i g h t  pho torecep to rs  w i th  i n d i v id u a l  r o d - l i k e  rhabdomeres. The 
rhabdomere i s  formed from m i c r o v i l l a r  p r o j e c t i o n s  o f  the c e l l  
membrane, and conta ins  the v i s u a l  pigment (Langer  and T h ^ o r e l l ,  
1966).  The p h o to r e c ep to r ,  o r  r e t i n u l a ,  c e l l s  are  arranged in  an 
asymmetric f a sh ion  .and the rhabdomere o f  each r e t i n u l a  c e l l  i s  
s ep a ra te  from those o f  the o thers  so tha t  they can be r e so lv ed  
m i c r o s c o p i c a l l y  in  the i n t a c t  f l y  ( F r a n ce s c h in i ,  1975).  The o rg a n isa ­
t i o n  o f  the r e t i n u l a  c e l l s  and the system used f o r  i d e n t i f y i n g  them 
a r e  in d ica t ed  in  F i g .  1. The p o s i t i o n  o f  the rhabdomeres, not the 
c e l l  bod ie s ,  governs  the naming o f  the c e l l s .  R e t inu la  c e l l s  R1-R6 
have rhabdomeres which l i e  in  a t r ap ezo id  ar ray  around the c e n t r a l l y  
l o c a t e d  rod c o n s i s t in g  o f  the abutted rhabdomeres o f  R7 and R8 . The 
rhabdomere o f  R7 l i e s  d i s t a l  to tha t  o f  R8 ( D i e t r i c h ,  1909) which 
r e c e i v e s  l i g h t  guided to i t  by the l i g h t  gu ide formed by the 
rhabdomere o f  c e l l  R7 (Goldsmith  and Bernard, 1974).
Harr is  e t  a l . (1976) used mutants in  which the rhabdomeres 
and/or c e l l  bod ies  o f  R1-R6 and/or R7 are  absent .  T he i r  f i n d in g s  a r e  
th a t  f l i e s  in  which c e l l s  R1-R6 have degenerated  f o l l o w i n g  exposure  
to  l i g h t  (rdgB) o r  in  which the rhabdomeres (and hence the v i s u a l  
p igment )  o f  R1-R6 a r e  absent ( o r a ) , ( a )  show no b lue/orange e f f e c t  
( b )  show the UV/blue e f f e c t  ( c )  l a ck  the R480/M580 v i s u a l  pigment 
dominant in  f l i e s  w i th  the f u l l  complement o f  pho to recep to rs  (O s t roy  
e t  a l . ,  1974),  but (d )  have an R370/M470 v i s u a l  p igment .  F l i e s  in  
which R7 i s  a lso  absent  ( sev rdgB o r  s e v ; o r a ) (a )  show n e i t h e r  
b lue/orange  nor UV/ b lue e f f e c t s  and (b )  show no d e t e c t a b l e  v i s u a l  
pigment t r a n s i t i o n  (by  the measurement o f  d i f f e r e n c e  s p e c t r a ) .  F l i e s  
l a ck in g  on ly  R7 ( s e v ) ( a )  show a b lue/orange  e f f e c t  but (b )  show no 
UV/blue e f f e c t  and ( c )  con ta in  an R480/M580 v i s u a l  pigment ( th e  
va lues  o f  Ostroy  e t  a l . ,  1974 a r e  used here ,  those  g i v e n  by H ar r i s  e t  
a l . ,  1976 a r e  m a rg in a l l y  d i f f e r e n t ) .  These data a re  c o n s i s t e n t  w i th  
the f o l l o w in g  i n t e r p r e t a t i o n  o f  even ts  which complements and extends 
th a t  a r i s i n g  from the pu re ly  p h y s i o l o g i c a l  s tu d i e s :
1. R1-R6 con ta in  the v i s u a l  pigment i d e n t i f i e d  by Ostroy  e t  a l .
(1974) as an R480 w i th  a metarhodops in M580; they a r e  the s i t e  o f  
o r i g i n  o f  the b lue/orange  e l e c t r i c a l  even ts  (Cosens and B r i s c o e ,
1972);  and the b lue/orange  e f f e c t  i s  in  some unknown way a s s o c ia t ed  
w i th  the v i s u a l  pigment t r a n s i t i o n s .
2. R7 conta ins  a newly i d e n t i f i e d  v i s u a l  pigment compr is ing an R370 
and a metarhodopsin M470; i t  i s  the s i t e  o f  o r i g i n  o f  the UV/blue 
e f f e c t  (Minke e t  a l . ,  1975; S tark ,  1975).
3. R8 has no known a f t e r p o t e n t i a l  and conta ins  an u n i d e n t i f i e d  v i s u a l  
pigment which probab ly  does not have two s t a b l e  s t a t e s .
S ince  R7 i s  a U V -r ec ep to r  the b lue peak in  the s p e c t r a l  
s e n s i t i v i t y  o f  the c e n t r a l  c e l l s  must r ep resen t  the a c t i v i t y  o f  R8 .
D e s p i t e  the now c l e a r  a s s o c i a t i o n  between the b i - s t a b l e  v i s u a l  
p igments and the d e p o l a r i s in g  a f t e r p o t e n t i a l s  in  the Drosoph i l a  
r e t i n a  -  and the im p l ied  s i m i l a r i t y  to the d e p o la r i s in g  a f t e r p o t e n ­
t i a l s  known in  o the r  spec ie s  ( s e e  be low) -  i t  remains unc lea r  how the 
v i s u a l  pigment t r a n s i t i o n s  a re  l inked  c a u s a l l y  to the g en es i s  o f  the 
a f t e r p o t e n t i a l  (Pak and P in t o ,  1976; see  chapter  2 ) .  However,  because 
v i s u a l  pigment t r a n s i t i o n s  and d e p o l a r i s a t i o n  o f  r e t i n u l a  c e l l s  a re  
in vo l v ed  in  both the a f t e r p o t e n t i a l  mechanism and the normal l i g h t  
response  o f  these  p h o to r e c ep to r s ,  i t  i s  to be expected  tha t  any 
f u r t h e r  understanding o f  the a f t e r p o t e n t i a l  mechanism w i l l  shed l i g h t  
on a c e n t r a l  problem in  sensory p h y s i o l o g y :  the mechanism of
pho to t ransduc t ion .  Th is  t h e s i s  p ro v id es  a more comprehensive d e s c r i p ­
t i o n  o f  the b lue/orange  a f t e r p o t e n t i a l  in  the Drosoph i l a  r e t i n a  than 
i s  c u r r e n t l y  a v a i l a b l e  e l sewhere .  H ope fu l l y  what i s  d esc r ibed  w i l l  
have r e l e v an c e  to the more genera l  ques t ions  o f  p h o to t ran sdu c t ion  
( s e e  chapters  2 and 4 ) .
Pak and co—workers have combined s tu d ie s  o f  p ho to t ransdu c t ion  
mutants w i th  an i n v e s t i g a t i o n  o f  the a f t e r p o t e n t i a l  mechanism in
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R1-R6 in  the hope o f  fu r t h e r in g  our understanding o f  phototransduc-  
t i o n  (Pak and P in t o ,  1976).
2: Pho to t ransduct ion
2.1 : The E l e c t r o g e n i c  Mechanism
Photorecep to rs  a r e  primary sensory  neurons s p e c i a l i s e d  to d e t e c t  the 
p resence  o f  l i g h t  and which gen era te  an e l e c t r i c a l  s i g n a l :  the 
currency o f  the nervous system. The e l e c t r i c a l  response which i s  most 
r e a d i l y  measured i s  the r e c e p t o r  p o t e n t i a l  -  a change in transmemb­
rane p o t e n t i a l ,  o r  i t s  p roducts  the i n t r a c e l l u l a r  and e x t r a c e l l u l a r  
(ERG) p o t e n t i a l s  -  which i s  graded accord ing  to the i n t e n s i t y  o f  the 
l i g h t  s t imulus .  L i p e t z  (1969, 1971) has summarised the e v id en ce  which 
shows tha t  the output o f  most sensory r e c e p to r s  ( in c lu d in g  p h o to r ec e ­
p t o r s )  obeys a tanh l o g  r e l a t i o n s h i p  to the st imulus i n t e n s i t y .  That 
i s ,  the v o l t a g e  response o f  a p h o to r e c ep to r  i s  s i g m o id a l l y  r e l a t e d  to 
the lo ga r i thm  o f  l i g h t  in t e n s i y  ( F i g .  3 i s  a p l o t  o f  the t h e o r e t i c a l  
c u r v e ) . The tanh l o g  law can be d e r i v e d ,  making c e r t a i n  assumptions, 
from the " s e l f - s h u n t i n g "  membrane model o f  Naka and Rushton, f i r s t  
used to d e s c r ib e  the v e r t e b r a t e  S - p o t e n t i a l  ( L i p e t z ,  1969, 1971; Naka 
and Rushton, 1966).
Naka and Rushton 's  model . c l o s e l y  resembles the p a r a l l e l  
conductance model o f  the squid axon ( s e e  chapter  2 ) .  The model was 
o r i g i n a l l y  intended by i t s  authors as a s imple  d e s c r i p t i o n  o f  t h e i r  
da ta  but i t  i s  now g e n e r a l l y  accepted  tha t  pho to recep to rs  behave l i k e  
non-sp ik ing  n e u r o n s a n d  t h e i r  model has been adopted as a b iophy­
s i c a l  model f o r  the i n t e r p r e t a t i o n  of  the behaviour o f  pho to recep to rs  
as f o r  o the r  sensory r e c e p to r s  (Shaw, 1968; S i l lm an ,  1969; Goldsmith,
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F igu re  3: The f i g u r e  shows c a l c u la t e d  s o lu t i o n s  to equat ions  s im i l a r  
to  those o f  L i p e t z  (1969, 1971) f o r  the r e l a t i o n s h i p  between the 
response  o f  a sensory r e c e p t o r  and the i n t e n s i t y  o f  the st imulus 
ap p l i ed  to i t .  V/Vmax i s  the response as a f r a c t i o n  o f  i t s  maximum 
v a lu e ;  l o g  I  i s  the lo ga r i th m  o f  the st imulus i n t e n s i t y .  The equa t ion  
reproduces the sigmoid V - l o g  I  curve  which i s  so o f t e n  repor ted  
e x p e r im e n ta l l y .  The parameter  n must be ad justed  f o r  each r e c e p t o r .  
I t  s imply has the e f f e c t  o f  s t r e t c h in g  o r  compressing the bas ic  
s igmoid curve .  The n-va lue  v a r i e s  between s p e c i e s .  In  Drosoph i la  and 
C a l l i p h o ra  R1-R6 i t  i s  approx im ate ly  0.5 (Minke e t  a l . ,  1975; chapter  
3 ) .
the parameter Is n
1 .0
Log I /  sigma
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1973; Laugh l in ,  1975)
The membranes o f  pho to recep to rs  s epara te  ion  s p ec ie s  and the r e c e p t o r  
p o t e n t i a l  i s  l a r g e l y  due to l i g h t  i n i t i a t e d  modulat ion  o f  membrane 
sodium conductance. In v e r t e b r a t e  p ho to recep to rs  l i g h t  decreases  
membrane sodium conductance causing a h y p e r p o la r i s in g  r e c e p t o r  poten­
t i a l  (conductance dec rease :  Toyoda e t  a l . ,  1969; B ay lo r  and F our te s ,  
1970; invo lvement  of  sodium: Four tes ,  1959; M i l l e c h i a  and Mauro,
1969; Brown e t  a l . ,  1970).  In  most in v e t e b r a t e  pho to r ec ep to rs  the 
movement of  sodium i s  r e v e r s ed :  l i g h t  in c rea ses  membrane sodium
conductance causing a d e p o l a r i s i n g  r e c e p to r  p o t e n t i a l  (F u lp iu s  and 
Baumann, 1969; see  Goldsmith,  1973 f o r  comparison o f  the p o s i t i o n  in  
v e r t e b r a t e  and in v e r t e b r a t e  p h o to r e c ep to r s ,  Rod iek,  1973 f o r  a r e v i e w  
o f  the v e r t e b r a t e  d a t a ) .  Accord ing  to the model o f  Shaw (1968 ) ,  
advanced to account f o r  r e s u l t s  obta ined  from the l o c u s t  r e t i n a ,  
sodium conductance i s  d i r e c t l y  p r o p o r t i o n a l  to l i g h t  i n t e n s i t y .  In 
o th e r  pho to recep to rs  the r e l a t i o n s h i p  r equ ired  i s  more complex. 
I n t e r e s t i n g l y  f o r  the model to work f o r  v e r t e b r a t e  pho to r e c ep to rs  i t  
must be argued tha t  sodium conductance i s  i n v e r s e l y  p r o p o r t i o n a l  to 
l i g h t  i n t e n s i t y  ( i . e .  membrane sodium r e s i s t a n c e  i s  d i r e c t l y  p ropor ­
t i o n a l  to l i g h t  i n t e n s i t y ) . A s imple  scheme to account f o r  such a 
r e l a t i o n s h ip  i s  much more d i f f i c u l t  to conce ive  than the s imple  case 
suggested f o r  the l o c u s t  where conductance i s  p ropo r ton a l  to the 
number o f  " ch an n e ls "  opened by l i g h t .
Apparen t ly  the graded r e c e p t o r  p o t e n t i a l  o f  i n v e r t e b r a t e  
pho to recep to rs  i s  composed o f  d i s c r e t e  v o l t a g e  "bumps" which are  
cu r r e n t l y  i n t e r p r e t e d  as responses  to in d i v i d u a l  photons (S ch o l e s ,  
1965; Fourtes  and Y e a d le ,  1964; Dodge e t  a l . ,  1968; Wu
and Pak, 1975 d e s c r ib e  v o l t a g e  bumps from Drosoph i la  p h o t o r e c e p t o r s ) .  
Presumably the v o l t a g e  bump r e s u l t s  from a d i s c r e t e  u n i t  of  membrane 
conductance be ing opened, perhaps the opening o f  a s i n g l e  conductance 
channe l .
2 .2 :  The A c t i o n  o f  L i g h t  on the V isua l  Pigment
Pho to recep to rs  cap ture  photons by ab so rp t ion  in  the v i s u a l  pigment 
rhodopsin .  An absorbed photon causes a c i s  to trans i s o m e r i s a t i o n  a t  
p o s i t i o n  11 o f  the chromophore r e t i n a l  (Hubbard and K rop f ,  1958).  In 
v e r t e b r a t e  p ho to recep to rs  the v i s u a l  pigment passes through a s e r i e s  
o f  t r a n s i e n t  in t e rm e d ia t e  s t a t e s  and f i n a l l y  h yd ro lyses  to a l a r g e  
p r o t e i n  m o lecu le ,  o p s in ,  and a l 1 - trans r e t i n a l  (Wald, 1968).  Resynt­
h e s i s  o f  rhodopsin i s  enzymic (comprehensive  r e v i ew  in  B r in d l e y ,  
1970) .
The v i s u a l  pigment c y c l e  in  i n v e r t e b r a t e s  i s  d i f f e r e n t  as 
in t im ated  above. A l l - t r a n s  r e t i n a l  remains bound to the ops in  in  a 
s t a t e  corresponding  to metarhodopsin I  i n  the v e r t e b r a t e  c y c l e  
(Go ldsmith ,  1973).  Th is  s t a b l e  metarhodopsin i s  p h o t o c o n v e r t i b l e  w i th  
rhodops in  ( e . g .  squ id :  Hubbard and S t .  George,  1958; C a l l i pho r a : 
Hamdorf and Rosner ,  1973; Stavenga e t  a l . ,  1973; D r o s o p h i l a : Ostroy  
e t  a l . ,  1974; Pak and L id in g t o n ,  1974; H ar r is  e t  a l . ,  1976) .  There 
appears to be no ev idence  f o r  the  h y d r o l y s i s  o f  these  i n v e r t e b r a t e  
metarhodopsins to r e t i n a l  p lus  ops in ,  but Cosens'  (1975) o b s e r v a t i o n  
o f  membrane i n s t a b i l i t y  a f t e r  pro longed exposure  o f  R1-R6 o f  Drosop­
h i l a  to blue l i g h t  might be r e l a t e d  to h y d r o l y s i s  o f  the v i s u a l  
pigment m o le cu le .  -
2 .3 :  The I n i t i a t i o n  o f  a Membrane Conductance Change -  A re  I n t e r n a l
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Tran sm itte rs  In vo lv ed?
In  v e r t e b r a t e  rods the v i s u a l  pigment l i e s  in  the membranes o f 
s a c - l i k e  d isks  which a re  i s o la t e d  from the boundary membrane o f  the 
c e l l  across  which the e l e c t r i c a l  even ts  a r e  recorded  (B r in d le y ,  
1970).  Yoshikami and Hagins (1973) have suggested  th a t  in  o rd e r  to 
c a r r y  in fo rm a t io n  from the v i s u a l  pigment to the c e l l  membrane 
ca lc ium  ions  a re  re le a s e d  from rod d isks  upon is o m e r is a t io n  o f  the 
v i s u a l  p igment, and act as an in t e r n a l  t r a n s m it te r  which modulates 
th e  sodium conductance o f  the c e l l  membrane. A requ irem ent f o r  an 
in t e r n a l  t r a n s m it te r  in  the rhabdomeric p h o to recep to rs  o f  in v e r t e b ­
r a t e s  where the v i s u a l  pigment m olecu le  l i e s  in  the membrane o f 
m i c r o v i l l a r  ex ten s ion s  o f  the c e l l  membrane (Lan ger  and T h o r e l l ,  
1966) i s  l e s s  obv iou s .  However, Cone (1973) has advanced t h e o r e t i c a l  
arguments f o r  such an in t e r n a l  t r a n s m it t e r  in  rhabdomeric pho to recep ­
t o r s ,  d e s p i t e  e v id en ce  th a t  the l i g h t  induced conductance in c rea se  
occurs a t  the rhabdomeres ( l e e c h  p h o to rec ep to r :  Lasansky and F ou r te s ,  
1969).
Hard ev idence  f o r  t r an sm i t t e r s  in  i n v e r t e b r a t e  p ho to recep to rs  
i s  not a v a i l a b l e  but models o f  the a f t e r p o t e n t i a l  mechanism have been 
advanced which e l a b o r a t e  c on s id e ra b ly  upon the bas ic  id ea .  Indeed the 
behav iour  o f  a f t e r p o t e n t i a l s  has been in t e r p r e t e d  as e v id ence  f o r  
i n t e r n a l  t r an sm i t t e r s  (H och s te in  e t  a l . ,  1973; Minke e t  a l . ,  1973b; 
Minke e t  a l . ,  1975; M u i j s e r  e t  a l . ,  1975; S tark  and Zitzmann, 1976; 
Hil lman e t  a l . ,  1976).  Har r is  and Stark  (1976) r e p o r t  tha t  they have 
i s o l a t e d  Drosoph i la  mutants which a r e  d e f e c t i v e  in  two a n t a g o n i s t i c  
types  o f  i n t e r n a l  t r a n s m i t t e r .
3 .1 :  A f t e r p o t e n t i a l s  in  P h o to r e c ep to r s :  Phenomena and Models
The long- te rm  r e s t i n g  p o t e n t i a l  changes a s s o c ia t ed  w i th  b i - s t a b l e  
v i s u a l  pigments have been g i v e n  the name "p ro longed  d e p o la r i s in g  
a f t e r p o t e n t i a l s "  ( N o l t e  and Brown, 1972) which in  the l i t e r a t u r e  i s  
commonly abb rev ia t ed  to PDA. By ana logy w i th  t h i s  term used as a 
d e s c r i p t i o n  o f  i n t r a c e l l u l a r  data ,  the term "p ro longed  cornea l  
n e g a t i v e  a f t e r p o t e n t i a l "  (PCNA) has been app l i ed  to e x t r a c e l l u l a r  
r e co rds  o f  the same phenomenon in  D rosoph i la  (W r igh t  and Cosens,
O
1977).  Models o f  the mechanism o f  the PDA/PCNA a r e  summarised be low.
3 .2 :  The N o l t e  and Brown (1972) model o f  the PDA i n  Limulus
U l t r a v i o l e t  Recep tors
N o l t e  e t  a l . (1968) d i s co ve red  tha t  an in tense  u l t r a v i o l e t  s t imulus 
a p p l i e d  to the UV r e c e p to r s  o f  the median eye o f  Limulus was f o l l o w e d  
by a d e p o la r i s in g  a f t e r p o t e n t i a l  l a s t i n g  s e v e r a l  minutes .  The recep ­
t o r s  were  r e p o l a r i s e d  r a p i d l y  by v i s i b l e  l i g h t  to which the pho tore ­
c ep to rs  were o the rw ise  i n s e n s i t i v e .  The s p e c t r a l  s e n s i t i v i t y  o f  the 
r e p o l a r i s a t i o n  mechanism peaked around 480 nm (N o l t e  and Brown, 
1972) .  N o l t e  and Brown i n f e r r e d  the presence  o f  a s t a b l e  roetarhodo- 
p s in  M480 s i m i l a r  to the s t a b l e  i n v e r t e b r a t e  metarhodopsins w i th  
absorbance  maxima a t  490 to  500 nm repor ted  to be p h o t o c o n v e r t i b l e  
w i t h  rhodopsin  (octopus  and c u t t l e f i s h :  Brown and Brown, 1958 ;sp ider  
crab :  Hays and Goldsmith , 1969; squ id :  Hubbard and S t .  George ,  1958; 
l o b s t e r :  Wald and Hubbard, 1957).  They proposed the f o l l o w i n g  model
to  e x p la in  t h e i r  r e s u l t s :  ( a )  The R360 o f  the u l t r a v i o l e t  r e c e p t o r  i s  
pho toconver ted  to a h y p o th e t i c a l  M480 by UV l i g h t ,  (b )  M480 i s  
r a p i d l y  conver ted  i-n-darkness to R360, but the con ve rs ion  system has 
a l im i t e d  c a p a c i t y ,  ( c )  R360 can be r a p id l y  regenera ted  by exposure
o f  M480 to v i s i b l e  l i g h t  and ( d )  the p resence  o f  M480 im p l i e s  a patch 
o f  " l i g h t - a c t i v a t e d "  membrane.
The term " l i g h t - a c t i v a t e d "  patch o f  membrane, we may now 
i n t e r p r e t  as a component o f  membrane sodium conductance. N o l t e  and 
Brown's pos i t ed  v i s u a l  pigment even ts  were  confi rmed by measurements 
o f  the e a r l y  r e c e p t o r  p o t e n t i a l  (ERP) by Minke e t  a l . (1973b ) .  N o l t e  
and Brown, however ,  imp l ied  tha t  the decay o f  the a f t e r p o t e n t i a l  
occurs c on cu r r en t ly  w i th  the decay o f  11480. As they p o in t  out t h e i r  
d a ta  p rov ides  no ev idence  tha t  t h i s  i s  the case .  Minke e t  a l .  (1973b) 
r e p o r t  tha t  the a f t e r p o t e n t i a l  in  f a c t  d e c l in e s  more r a p i d l y  than the 
decay o f  M480. N o l t e  and Brown were  aware o f  t h i s  p o s s i b i l i t y  and to 
encompass i t  suggested as an a l t e r n a t i v e  to t h e i r  model tha t  the 
" l i g h t  a c t i v a t e d "  patch o f  membrane i s  p resen t  during the t r a n s i t i o n  
o f  M480 through a con vers ion  system ( N o l t e  and Brown, 1972).  Minke e t  
a l .  (1973b) ,  however,  found tha t  the PDA i n  Limulus UV r e c e p to r s  has 
a number of  s i m i l a r i t i e s  to the PDA i n  Balanus pho to recep to rs  which 
a r e  not  p r ed i c t e d  by e i t h e r  o f  N o l t e  and Brown's  models .  They 
proposed tha t  the PDA i n  Limulus UV r e c e p to r s  was due to an 
" e x c i t o r - i n h i b i t o r "  i n t e r a c t i o n  accord ing  to the model of  Hochste in  
e t  a l .  (1973) which w i l l  now be d es c r ib ed .
3 .3 :  The " E x c i t o r - i n h i b i t o r "  Model o f  the PDA i n  the Balanus 
P h o to r e c ep to r  (H ochs te in  e t  a l . ,  1973)
Minke e t  a l .  (1973a) and Hochste in  e t  a l .  (1973 ) ,  r e s p e c t i v e l y ,  
examined the e a r l y  and l a t e  r e c e p t o r  p o t e n t i a l s  from the barnac le  
p h o to r e c ep to r .  Using the e a r l y  r e c e p t o r  p o t e n t i a l  they i d e n t i f i e d  a 
v i s u a l  pigment w i th  two th e rm a l ly  s t a b l e  s t a t e s :  an R532 and an M495. 
The l a t e  r e c e p to r  p o t e n t i a l  r e vea led  a PDA a f t e r  M to  R c on v e r s i o n .
The PDA l a s t e d  up to 30 minutes but decayed independent ly  o f  the 
decay o f  the metarhodops in >1495 which was " s t a b l e "  f o r  o ve r  3 hours.
In  a d d i t i o n ,  and d e c i s i v e  in  the subsequent e r e c t i o n  o f  t h e i r  
model,  they found two s i tu a t i o n s  in  which a PDA cou ld  not be induced. 
( I )  A f t e r  the decay o f  a p rev ious  PDA i f  M495 had not had time to 
decay back to R532. ( 2 )  For a b r i e f  p e r iod  immed ia te ly  a f t e r
p h o to r e g e n e r a t i o n  o f  R532 ( c a l l e d  the " a n t i - t a i l "  phenomenon). Hochs- 
t e i n  e t  a l .  (1973) e r e c t e d  the f o l l o w i n g  ad hoc model as an
e x p la n a t i o n  o f  t h e i r  r e s u l t s :
1. An " e x c i t o r "  molecule  i s  r e sp o n s ib l e  f o r  the i n i t i a t i o n  o f  
the  membrane conductance change l e ad ing  to d e p o l a r i s a t i o n .
2. Each rhodopsin to metarhodopsin t r a n s i t i o n  r e l e a s e s  an 
u n s p e c i f i e d  number o f  " e x c i t o r s " .
3. An " i n h i b i t o r "  molecu le  a c ts  to n e u t r a l i s e  one " e x c i t o r "  
molecu le  thus b r in g in g  about r e p o l a r i s a t i o n .  The " i n h i b i t o r "  has no 
d i r e c t  e f f e c t  upon the c e l l  membrane.
4. Each metarhodopsin to rhodopsin  t r a n s i t i o n  r e l e a s e s  an
u n s p e c i f i e d  number o f  " i n h i b i t o r s " .
5.  " E x c i t o r 11 and " i n h i b i t o r "  molecu les  have long but f i n i t e  
l i f e t i m e s ,  " e x c i t o r 11 and " i n h i b i t o r "  i n t e r a c t  to produce both  st imu­
lu s - c o in c id e n t  d e p o l a r i s a t i o n  and the PDA. A PDA marks an excess  o f
" e x c i t o r s " .  An " a n t i - t a i l "  marks an excess  o f  " i n h i b i t o r s " .
T h is  model c e r t a i n l y  has - i t s  a t t r a c t i o n s ,  the ev id en ce  f o r  
t h i s  i s  how w id e l y  i t  has been accepted and ( u n c r i t i c a l l y )  ap p l i ed  to 
o th e r  s p e c i e s .  There  i s  no doubt tha t  w i th  s u i t a b l e  mental manipula­
t i o n  of  the parameters o f  t h i s  model the phenomena o f  the PDA can be 
" r e p l i c a t e d " ,  but t h i s  should not be s u rp r i s in g :  i t  i s  an ad hoc 
model constructed  to do j u s t  th a t .  U n fo r tu n a te ly  no independent 
e v id en ce  f o r  the e x i s t e n c e  o f  the v a r i a b l e s  in  the model has been
fo r thcom ing .  I t  i s  a lso  r e g r e t a b l e  tha t  i t s  authors have chosen not 
to  q u a n t i f y  the model in  any way. The model thus conta ins  a l a r g e  
number o f ,  not on ly  ad h o c , but a lso  c om p le te ly  u n s p e c i f i e d  v a r i a b ­
l e s :  nature  o f  the m o le cu le s ;  l i f e t i m e  o f  the m o lecu les ;  d i f f u s i o n  
r a t e s ,  mode o f  a c t i o n  a t  the membrane, r e l a t i v e  t iming and q u a n t i t a ­
t i v e  r e l a t i o n s h i p  o f  the m o lecu les  and the mode o f  the i n t e r a c t i o n .  A 
model w i th  so many v a r i a b l e s  i s  not on ly  l i k e l y  to be ab le  to 
" e x p l a i n "  any exper im enta l  r e s u l t ,  but i s  e x t rem e ly  d i f f i c u l t  to 
r e f u t e .  This  l a s t  leads  to ques t ions  r ega rd ing  the s c i e n t i f i c  nature  
o f  a model o r  hypo thes is  (Popper ,  1972).  The authors o f  the model 
have o f f e r e d  no exper imenta l  t e s t  which cou ld  r e f u t e  the model.  
D e sp i t e  these  c r i t i c i s m s ,  the model does adequa te ly  summarise an 
o th e rw is e  confus ing s e r i e s  o f  phenomena.
The " e x c i t o r - i n h i b i t o r "  model has been w id e l y  adopted and even 
e la b o r a t e d  ( e . g .  Stark  and Zitzmann, 1976),  on the assumption tha t  i t  
e xp la in s  the PDA phenomena in  the pho to recep to rs  o f  v a r i o u s  s p e c i e s .  
In  some cases ,  a t  l e a s t ,  i t  i s  c l e a r  tha t  the phenomenology in  the 
s p e c i e s  in  ques t ion  i s  s i m i l a r  to tha t  of  Balanus in  tha t  two s t a t e s  
e x i s t  from which a PDA cannot be c rea ted  ( e . g .  L im u lus : Minke e t  a l . ,  
1973b). In  o thers  t h i s  i s  not c l e a r  from the l i t e r a t u r e .
The model has been assumed in  the i n t e r p r e t a t i o n  o f  da ta  from 
Balanus pho torecep to rs  by Hil lman e t  a l .  (1976 ) ,  adopted to e x p la in  
the  PDA in  Limulus pho to recep to rs  by Minke e t  a l .  (1973b),  adopted 
(Minke e t  a l . ,  1975) and e lab o ra ted  (S ta rk  and Zitzmann, 1976) to 
e x p la in  the PDA i n  R1-R6 o f  Drosoph i l a , used to i n t e r p r e t  data  from 
Drosoph i la  pho to t ransduc t ion  mutants by H ar r is  and Stark  (1976 ) ,  and 
assumed to e x p la in  JPDAs in  R1-R6 o f  C a l l i p h o r a  (M u i j s e r  e t  a l . ,
1975).
In  th i s  t h e s i s  the phenomenology o f  the Drosoph i l a  PDA in
R1-R6 i s  examined and compared to tha t  o f  those in  Limulus and 
Ba lanus .
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4 .1 :  Models o f  P ho to t ran sdu c t ion  in  Drosoph i l a
Questions r e l a t i n g  to p ho to t ran sdu c t ion  and the mechanism of the
a f t e r p o t e n t i a l  (PDA) a r e  e s s e n t i a l l y  the same: how does a conforma­
t i o n a l  change in  the v i s u a l  pigment m o lecu le  t r i g g e r  a conductance 
change a t  the c e l l  membrane? D e sp i t e  the widespread and f a s h io n a b le  
acceptance  o f  the " e x c i t o r - i n h i b i t o r "  v e r s i o n  o f  the i n t e r n a l  t rans ­
m i t t e r  model,  conv inc ing  independent support has not been for thcoming 
and a t  l e a s t  3 h i e r a r c h i c a l  mechanisms o f  pho to t ransduc t ion  remain 
to  be d i s t in g u i s h e d .  The p o s s i b l e  l in k s  between the i s o m e r i s a t i o n  of  
the  v i s u a l  pigment and the subsequent conductance change may be
c o n v e n i e n t l y  c l a s s i f i e d  as DIRECT, INDIRECT o r  REMOTE accord ing  to 
the  l o c a t i o n  o f  the s i t e  o f  conductance change w i th  re sp ec t  to the
v i s u a l  pigment .  The v i s u a l  pigment o f  f l i e s  l i e s  in  the membranes of  
the  rhabdomere (Langer  and Th o r e l l ,  1966) and the a v a i l a b l e  e v id ence  
sugges ts  tha t  the conductance change a lso  occurs here  ( l e e c h  p ho to r e -  
c p t o r :  Lasansky and Fou r te s ,  1969).  Even g i v e n  t h i s ,  t r a n sm i t t e r s  
(REMOTE p ho to t ran sdu c t ion )  a r e  not prec luded (Cone, 1973).
1. The conductance change may be a DIRECT consequence o f  a 
con fo rm a t iona l  s t a t e  o f  the v i s u a l  pigment m o le cu le .  The rhodopsin  
mo lecu le  i s  l a r g e  and forms a major  p o r t i o n  o f  the c e l l  membrane o f  
p h o t o r e c e p to r s .  Conformat ional  changes in  the ops in  p o r t i o n  o f  the 
molecu le  a re  not r e s t r i c t e d  to those  tha t  a re  s p e c t r a l l y  d e t e c t a b l e .
2. A l t e r n a t i v e l y ,  c on fo rm at iona l  changes in  the v i s u a l  pigment 
molecu le  may t r i g g e r  even ts  in  o th e r  molecu les  which g i v e  r i s e  to the 
conductance change. In th i s  case phototransducton cou ld  be c a l l e d
INDIRECT: th a t  i s ,  in t e r v e n in g  s tep s  a re  in vo lv ed  but, th ese  a re  not
n e c e s s a r i l y  remote from the  v i s u a l  pigment m o le cu le .
3.  Another p o s s i b i l i t y  i s  tha t  phototransducton  i s  INDIRECT 
( v i a  in t e r v e n in g  s t e p s ) ,  and tha t  a m o le cu la r  spec ie s  m ig ra tes  from 
the area  o f  the v i s u a l  pigment m o lecu le  to i n i t i a t e  a conductance 
change a t  a REMOTE s i t e ,  th a t  i s ,  t r a n s m i t t e r s  a re  in vo l v ed  ( e . g .  f o r  
v e t e b r a t e  rods and cones: Yoshikami and Ragins, 1973; f o r  i n v e r t e b ­
r a t e  rhabdomeric p h o t o r e c e p to r s :  Cone, 1973).  As a s p e c i a l  case of  
the  remote p h o t o t r a n s d u c i t i o n  model we may in c lu de  the " e x c i  to r - i n h i -  
b i t o r "  model o f  Hochste in  e t  a l .  (1973 ) .  U l t im a t e l y  t h i s  model 
r e q u i r e s  the demonstra t ion  tha t  pho to t ransduc t ion  i s  i n d i r e c t  and 
remote and in v o l v e s  two s p ec ie s  o f  t r a n s m i t t e r  which i n t e r a c t .
Evidence which c l e a r l y  d i s t i n g u i s h e s  between these  p o s s i b i l i t i e s  (as  
opposed to data which i s  c o n v en ie n t l y  d escr ibed  by a p a r t i c u l a r  
model )  has proved e l u s i v e .  Pak 's  group ( s e e  below) have good e v id ence  
f o r  the e x i s t e n c e  o f  in t e r v e n in g  s teps  in  pho to t ran sdu c t ion  ( i n  
D ro s o p h i l a ) but t h e i r  exper iments  cannot prec lude  the p o s s i b i l i t y  
th a t  these  occur on the v i s u a l  pigment mo lecu le  (Pak and P i n t o ,
1976) .  Wright and Cosens ( 1 9 7 7 ) ( s e e  chapter  2) have good e v idence  
th a t  a component o f  the membrane conductance o f  R1-R6 i s  t em p ora l l y  
c o r r e l a t e d  w i th  the qu an t i t y  o f  M580 p resen t  in  the r e c e p t o r  membrane 
( o f  Drosoph i l a ) but t h e i r  data  prec ludes  n e i t h e r  in t e r v en in g  s teps  
nor  t r a n s m i t t e r s .  S t a r k ' s  group ( s e e  Stark  and Zitzmann, 1976; Stark  
e t  a l . ,  1976; Har r is  and S tark ,  1976) b e l i e v e  they have i d e n t i f i e d  
genes cod ing f o r  Drosoph i la  R1-R6 " e x c i  t o r "  and " i n h i b i t o r "  molecu les  
but t h e i r  data  i s _  open to o th e r  i n t e r p r e t a t i o n s .  Meanwhile recen t  
work w i th  bov ine  rhodopsin in co rpo ra ted  in to  a r t i f i c i a l  b i - l a y e r  
membranes demonstrates a DIRECT e f f e c t  o f  con fo rm at iona l  changes in
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b ov in e  rhodopsin upon membrane conductance (Montal  e t  a l . ,  1977)
4 .2 :  B iochemical  Ev idence  o f  In t e r v e n in g  Steps in  Pho to t ran sdu c t ion
in  R1-R6 o f  Drosoph i la
I t  should be c l e a r  from what was sa id  above tha t  the e x i s t e n c e  of 
i n t e r v e n in g  s teps  in  p ho to t ransduc t ion  need not imply the e x i s t e n c e  
o f  t r a n s m i t t e r s .  There  i s  c u r r e n t l y  no conv inc ing  ev idence  f o r  the 
e x i s t e n c e  o f  t r a n sm i t t e r s  in  R1-R6 o f  D rosoph i la  but the e v id en ce  f o r  
the  e x i s t e n c e  o f  in t e r v e n in g  s t e p s  i s  com pe l l in g .
The'  v o l t a g e  response  and conductance change as soc ia t ed  w i t h  
the  s t im u lu s - co in c id e n t  response and a f t e r p o t e n t i a l  o f  R1-R6 can be 
b locked  by a d m in i s t r a t i o n  o f  carbon d io x id e  o r  n i t r o g e n .  Under these 
c o n d i t i o n s  the s p e c t r a l l y  d e t e c t a b l e  v i s u a l  pigment t r a n s i t i o n s  a re  
known to be normal (VJong e t  a l .  , 1976).  I n t e r e s t i n g l y ,  a l though  the 
e l e c t r o g e n i c  response i s  b locked  by anox ia ,  removal o f  anoxic  
c o n d i t i o n s  l e a v es  the p ho to recep to rs  in  a conductance and v o l t a g e  
s t a t e  ap p ro p r ia t e  to t h e i r  p r i o r  i l l u m in a t i o n  ( f o r  the a f t e r p o t e n ­
t i a l ) .  This  e v id ence  demonstrates  an oxygen r e q u i r in g  in t e r v e n in g  
s tep  in  the g en es is  o f  the a f t e r p o t e n t i a l .  However, once the 
s p e c t r a l l y  d e t e c t a b l e  v i s u a l  pigment even ts  have occurred (and 
perhaps a d d i t i o n a l  unknown even ts )  a s i g n a l  e x i s t s  in  the p ho to rece ­
p t o r  which, when oxygen i s  a v a i l a b l e ,  i s  t r a n s la t e d  in to  a conduc­
tance  change. There  i s  no ev idence  tha t  t h i s  s i g n a l  i s  not on the 
v i s u a l  pigment molecu le  and i t  may reasonab ly  be c a l l e d  a "metarhodo- 
p s in  s i g n a l " :  i t  i s  e f f e c t i v e l y  t h i s ,  i f  not in  f a c t .  Further  
ev id en ce  f o r  in t e r v en in g  s teps  in  phototransduct ion  in  R1-R6 o f  
D rosoph i la  comes from a temperature— s e n s i t i v e  a l l e l e  o f  the norpA 
gene.
The mutant norpA i s  a pho to t ransduc t ion  mutant which has a 
normal r e s t i n g  p o t e n t i a l  and r e s i s t a n c e ,  but un l ike  the w i l d t y p e ,  
n e i t h e r  membrane r e s i s t a n c e  nor p o t e n t i a l  change when the eye i s  
i l l u m in a t e d  (A la w i  and Pak, 1971; A law i  e t  a l . ,  1973) .  Using a 
t e m p e r a tu r e - s e n s i t i v e  a l l e l e ,  norpA-1152 ( i s o l a t e d  by M. He isenberg )  
Pak e t  a l .  (1976) have shown tha t  the v i s u a l  pigment absorbance 
change induced by b lue  l i g h t  i s  e s s e n t i a l l y  temperature- independent  
and the same as tha t  o f  the w i l d t y p e .  That i s ,  the s p e c t r a l l y  
d e t e c t a b l e  v i s u a l ,  pigment t r a n s i t i o n s  appear to be normal.  In  t h i s  
mutant,  however,  in  which the r e c e p t o r  p o t e n t i a l  i s  normal a t  17° C, 
the  r e c e p t o r  p o t e n t i a l  i s  p r o g r e s s i v e l y  degraded a t  h igh e r  tempera-
O
tures  u n t i l  i t  i s  no l o n g e r  v i s i b l e  a t  34 C. Pak e t  a l .  i n t e r p r e t  
t h i s  f i n d in g  as in d i c a t i n g  th a t  the norpA gene codes f o r  a p r o t e in  
which in t e r v en e s  between i s o m e r i s a t i o n  o f  the v i s u a l  pigment and the 
membrane conductance change. That the mutant a l l e l e s  r e f l e c t  p r o t e in  
changes i s  i n f e r r e d  from the f a c t  tha t  a temperature  s e n s i t i v e  a l l e l e  
has been found. I t  i s  assumed tha t  the p r o t e in  product of  the a l l e l e  
norpA-H52 has a minor c on fo rm at iona l  e r r o r  which leads  to a breakdown 
o f  s t r u c tu r e  above 34<?C (Pak e t  a l . ,  1976).
N e i t h e r  study (Wong e t  a l . ,  1976; Pak e t  a l . ,  1976) p r e s e n t s  
ev id en ce  which p rec ludes  the p o s s i b i l i t y  th a t  the c l e a r l y  i d e n t i f i e d  
" i n t e r v e n i n g  s t e p "  i s  a c t u a l l y  a change in  the v i s u a l  pigment 
mo lecu le  which cannot be d e tec ted  s p e c t r a l l y .  Wong's study c l e a r l y  
demonstrates  a " l a t c h "  e f f e c t :  the M580 s t a t e  o f  the v i s u a l  pigment 
( o r  some u n id e n t i f i e d  subsequent even t )  con ta ins  a s i g n a l  which i s  
t r a n s la t e d  in t o  a conductance change when c on d i t i o n s  a re  fa vou rab le  
( f o r  example when oxygen i s  a v a i l a b l e ) .  Th is  r e s u l t  i s  d i f f i c u l t  to 
r e c o n c i l e  w i th  the " e x c i t o r - i n h i b i t o r "  model but p ro v id es  s trong 
support  f o r  the model o f  an M580-corre la ted  conductance advanced by
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Wright  and Cosens ( 1 9 7 7 ) ( s e e  chapter  2 ) .
4 .3 :  Suppress ion o f  L i g h t  Induced Degene ra t ion  in  rdgB Drosoph i l a :
g e n e t i c  ev idence  i d e n t i f y i n g  " e x c i t o r s "  and " i n h i b i t o r s "  i n  R1-R6 o f  
D ro s o p h i l a ?
Apart  from the v e r y  e x i s t e n c e  o f  an a f t e r p o t e n t i a l  in  R1-R6 o f  
D rosoph i la  none o f  the phenomenolog ica l  e v id ence  used by Hochste in  e t  
a l .  (1973) to cons t ruc t  t h e i r  " e x c i t o r - i n h i b i t o r "  model of  pho to t ran ­
sdu c t ion  in  Balanus p ho to recep to rs  has been repor ted  f o r  the Drosop­
h i l a  p h o to r e c ep to r s .  Such ev idence  i s  sought in  t h i s  t h e s i s  ( chap ters
2. and 4 ) .  Y e t  d e s p i t e  the la ck  o f  d a ta ,  S t a r k ' s  group have f o r c e f u l l y  
advanced an e l a b o r a t e l y  m od i f i ed  v e r s i o n  o f  the " e x c i  to r - i n h i b i  to r "  
model to e x p la in  r e s u l t s  obta ined  from v i tam in  A dep r ived  Drosop h i l a  
(S ta r k  and Zitzmann, 1976) and from mutants norpA and rdgB (H a r r i s  
and Stark,  1977; S tark  e t  a l . ,  1976).
S tark  and Zitzmann (1976) d e s c r ib e  tha absence o f  a pro longed 
b l u e - l i g h t  induced a f t e r p o t e n t i a l  in  the ERG o f  Drosoph i l a  est imated  
to  have about 0.5% o f  the normal qu an t i t y  o f  v i s u a l  p igment .  From 
t h i s  ev idence  the authors deduce tha t  v i tam in  A d e p r i v a t i o n  (1 )  
" i n a c t i v a t e s "  the a f t e r p o t e n t i a l  mechanism, ( 2 ) demonstrates  the 
s e p a ra t i o n  o f  pigment m o lecu les  from membrane conductance s i t e s  and 
( 3 )  i s o l a t e s  t ran sduc t ion  and ad ap ta t ion  mechanisms. The l o g i c  behind 
these  in f e r e n c e s  i s  not made c l e a r  by the authors but they a r e ,  
n e v e r t h e l e s s ,  used to cons t ruc t  an e l a b o r a t e  v a r i a t i o n  upon the 
" e x c i t o r - i n h i b i t o r "  theme. Support f o r  the g roup 's  model,  a l b e i t  in  
s l i g h t l y  m od i f i e d  form, i s  o f f e r e d  by H ar r is  and Stark  (1977 ) .
The H a r r i s -S ta rk  v e r s i o n  o f  the model s t a t e s  the f o l l o w i n g .
1. A rhodopsin  to metarhodopsin  t r a n s i t i o n  r e l e a s e s  o r  a c t i v a t e s  the 
gene product o f  the norpA+ gene.  This  p r o t e in  i s  an i n t e r n a l  
t r a n s m i t t e r  which a c t s  d i r e c t l y  upon the c e l l  membrane by opening
sodium channels o r  " i n d i r e c t l y "  by r e l e a s i n g  or  a c t i v a t i n g  a s t o r e  o f
secondary t r a n s m i t t e r  which r e a c t s  w i th  the plasma membrane. Thus the 
gene  product o f  the norpAf  gene i s  an " e x c i t o r " .
2. " C i r c u l a t i n g  gene product o f  the rdgB+ gene te rminates  the a c t i o n "
o f  the " e x c i t o r "  by d i r e c t  i n t e r a c t i o n  w i t h  i t .  The gene product of  
the  rdgB+ gene i s  an " i n h i b i t o r " .
The ev idence  c i t e d  by H arr is  and Stark  (1977) i n  support  o f  
t h i s  model i s  the f o l l o w i n g .
1. In  norpA mutants the r e c e p t o r  p o t e n t i a l  i s  absent .
2. In rdgB mutants d eg e n e r a t i o n  of  R1-R6 occurs a f t e r  pro longed 
exposure  to l i g h t ,  o r  i r r e v e r s i b l y  a f t e r  exposure  to a qu an t i t y  o f  
b lue  l i g h t  which produces a maximal a f t e r p o t e n t i a l  in  non-mutant 
f l i e s .
3. Degenera t ion  in  rdgB c e l l s  R1-R6 i s  prevented  by norpA mutat ions  
in c lu d in g  an a l l e l e  which does not b lo ck  the r e c e p t o r  p o t e n t i a l .
H a r r i s  and Stark  suppose tha t  d eg en e ra t io n  occurs in  rdgB 
f l i e s  because the " e x c i t o r "  i s  not i n a c t i v a t e d .  The i r  ad hoc model,  
however,  would not seem to  be the on ly  p o s s i b l e  e x p la n a t i o n  o f  t h e i r  
r epo r t ed  r e s u l t s .  Furthermore the model has f laws which a r e  apparent 
even using th e i r  own data .  They sugges t  tha t  the " i n h i b i t o r "  i s
c i r c u l a t i n g  ra th e r  than r e l e a s e d  by M to  R t r a n s i t i o n s  -  a necessary  
a s s e r t i o n  i f  the model i s  to e x p la in  t h e i r  d egen e ra t io n  r e s u l t s  -  but 
i f  t h i s  i s  so the suppress ion  o f  the a f t e r p o t e n t i a l  by orange  l i g h t  
(Cosens and B r i s c o e ,  1972) remains unexp la ined .  The suppress ion  of  
d ege n e r a t i o n  in  rdgB mutants by the presence  o f  the norpA a l l e l e s  i s  
i n t e r e s t i n g  and the e v id en ce  i s  c on v in c in g ,  but the data  p ro v id es  no 
e v id en ce  upon which to b u i l d  the model which they have advanced. The 
da ta  does not even p ro v id e  e v id ence  f o r  the e x i s t e n c e  o f  t r ansm it ­
t e r s  .
Any model o f  p ho to t ransdu c t ion  which c la ims tha t  the mechanism 
i s  i n d i r e c t  r e q u i r e s  tha t  the v i s u a l  pigment t r a n s i t i o n s  have no 
d i r e c t  e f f e c t  upon membrane conductance . Recent work has demonstrated 
th a t  b ov in e  rhodopsin d i r e c t l y  induces a 1 0  angstrom d iameter  
conductance channel in  a r t i f i c i a l  b i l a y e r  membranes a f t e r  exposure  to 
l i g h t  (Monta l e t  a l . ,  1977).  F ree  ops in  a lso  induces channels which 
r e s u l t  in  d i s c r e t e  conductance f l u c tu a t i o n s  which would produce 
d i s c r e t e  v o l t a g e  f l u c tu a t i o n s  s i m i l a r  to the "quantum bumps" of 
i n v e r t e b r a t e  p h o t o r e c e p to r s .  Montal e t  a l .  (1977) b e l i e v e  tha t  
metarhodopsin I I  in  the v e r t e b r a t e  v i s u a l  pigment c y c l e  may be the 
f i r s t  s t a t e  o f  the rhodopsin  molecule  to induce a conductance 
channel .  I f  i n v e r t e b r a t e  v i s u a l  pigment photoproducts  were  s i m i l a r l y  
shown to induce conductance channels ,  the t r a n s m i t t e r  model of 
pho to t ran sdu c t ion  in  i n v e r t e b r a t e  pho to recep to rs  ( e . g .  Cone, 1973) 
w i l l  be s e r i o u s l y  cha l l en ged ,  and the data  which has so f a r  been 
in t e r p r e t e d  in  terms o f  such models ( e . g .  the " e x c i t o r - i n h i b i t o r "  
model )  w i l l  need to be r e -a s s e s s e d .
In  t h i s  t h e s i s  an attempt i s  made to model the a f t e r p o t e n t i a l  
mechanism using a minimum parameter  b i o p h y s i c a l  model.  The r e s u l t  i s
an a l t e r n a t i v e  to the " e x c i t o r - i n h i b i t o r "  model ( c h a p t e r  2 ) which 
p roves  to be c o n s i s t e n t  w i th  the l a s t e s t  f i n d in g s  o f  Montal e t  a l .  
(1977) and Wong e t  a l  (1976 ) .
5: A f t e r p o t e n t i a l s  and R ecep to r  Funct ion
Quite  as ide  from the r e l e v a n c e  o f  a f t e r p o t e n t i a l s  to the problem o f  
pho to t ran sdu c t ion ,  the consequences o f  a f t e r p o t e n t i a l s  f o r  r e c e p t o r  
f u n c t i o n  and f o r  the v i s u a l  behav iour  o f  the f l y  a r e  o f  c on s id e ra b l e  
i n t e r e s t .
Hamdorf and co-workers  (Hamdorf e t  a l . ,  1973; Kamdorf and 
Rosner ,  1973; Rosner ,  1975; Hamdorf and Schwemer, 1975) have been 
p ion ee r s  in  the study o f  pho to recep to rs  which con ta in  b i - s t a b l e  
v i s u a l  p igments.  A major i n t e r e s t  has been the r e l a t i o n s h i p  between 
rhodopsin  c on c en t ra t i on  and " s e n s i t i v i t y " .  Rosner (1975, c i t e d  in  
Hamdorf and Schwemer, 1975) manipulated the rhodopsin  c on c e n t ra t i o n  
i n  the C a l l i p h o r a  r e t i n a  by s p e c t r a l  adap ta t ion  and measured " s e n s i ­
t i v i t y "  which was d e f in ed  as the in v e r s e  o f  the qu an t i t y  o f  l i g h t  
r e qu i r ed  to e l i c i t  a c r i t e r i o n  v o l t a g e  response .  Rosner concluded 
th a t  the on ly  e f f e c t  o f  an a l t e r a t i o n  in  the rhodopsin to metarhodo- 
p s in  r a t i o  in  C a l l i phora  pho to recep to rs  was to s h i f t  the r e c e p t o r  
V - l o g  I  curve  a long the h o r i z o n t a l  a x is  ( s e e  F i g .  4 f o r  t h e o r e t i c a l  
c u r v e s ) . Further  he r e p o r t s  th a t ,  c on t ra r y  to f i n d in g s  in  v e r t e b r a t e  
p ho to r ec ep to rs  (Rod iek ,  1973),  s e n s i t i v i t y  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  the c on c en t ra t i on  o f  rhodopsin  p res en t .  Hamdorf and Schwemer 
(1975) r e v i ew in g  t h i s  work s t a t e :
M.............  i t  f o l l o w s  tha t  each l i g h t  quantum absorbed by the v i s u a l
pigment c on t r ib u te s  the same amount to the r e c e p t o r  p o t e n t i a l
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F igu re  4: Accord ing  to Hamdorf and Schwemer (3975) a change in  the
rhodopsin con cen t ra t ion  in  R1-R6 o f  C a l l i p h o r a  produces a h o r i z o n t a l  
s h i f t  o f  the bas ic  sigmoid  curve g i v i n g  p a r a l l e l  curves as shown in  
t h i s  f i g u r e .  The f i g u r e  i s  p l o t t e d  from c a l c u l a t i o n s  using equations  
s i m i l a r  to those o f  L i p e t z  (1969, 1971).  I f  Hamdorf and Schwemer's 
h ypo thes is  i s  c o r r e c t  t h e i r  change in  " s e n s i t i v i t y "  w i l l  correspond 
e x a c t l y  to a change in  the parameter  sigma in  the mathematical  
f o rm u la t io n .  See chapters  2 and 3 f o r  d e t a i l s  o f  the equations  and a 
t e s t  o f  Hamdorf and Schwemer's hypothes is  as m od i f i ed  by Razmjoo and 
Hamdorf (1976) .
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independent o f  metarhodops in c o n c en t ra t i o n .  In o th e r  words the
metarhodops in does not i n f lu e n c e  the s i g n a l  t r a n s d u c t i o n ......................... "
In  t h i s  t h e s i s  the Drosoph i la  pho to recep to rs  a re  examined to 
de term ine  whether ,  i n  Drosoph i l a  a l s o ,  metarhodops in has no in f lu e n c e  
on s i g n a l  t r an sd uc t ion .  A r a d i c a l l y  d i f f e r e n t  r e s u l t  holds  in
D rosoph i la  and the a f t e r p o t e n t i a l  a s soc ia t ed  w i t h  metarhodopsin i s  
found to pro found ly  a l t e r  the behav iour  o f  R1-R6.
Razmjoo and Hamdorf (1976) have independent ly  found d isc repan ­
c i e s  in  Hamdorf and Schwemer's h yp o th es is .  They found tha t  " s e n s i t i ­
v i t y "  in  C a l l i p h o r a  i s ,  indeed,  in f lu en c ed  by metarhodopsin.  They 
p o s i t  an in t e r m o le c u la r  metarhodopsin to rhodopsin i n t e r a c t i o n  tha t
occurs when l a r g e  q u a n t i t i e s  o f  metarhodopsin  a re  p r e s e n t .  T h e i r  data  
appears to c o n v in c in g l y  demonstrate  such a suppress ion  o f  rhodopsin 
mo lecu les  by l a r g e  q u a n t i t i e s  o f  metarhodops in,  but i s  c r i t i c a l l y  
examined and found wanting in  chapter  3,
6 : A f t e r p o t e n t i a l s  and the V isua l  Behaviour o f  Drosoph i l a
S ince  a f t e r p o t e n t i a l s  induced by b lue  l i g h t  suppress the response o f  
R1-R6 in  Drosoph i l a , the b lue/orange  e f f e c t  can be used experimen­
t a l l y  to determ ine  the c o n t r i b u t i o n  o f  t h i s  c l a s s  o f  c e l l s  to the 
behav iour  o f  the f l y  (Cosens and W r igh t ,  1975).  For in s tance  c on t ra ry  
t o  the accepted h ypo th es is  o f  the t ime,  Cosens and Wr igh t  (1975) 
sugges ted ,  on the b a s i s  o f  f l i c k e r  f u s io n  f requency  measurements,  
th a t  R1-R6 were  i d e a l l y  des igned  to subserve  movement d e t e c t i o n .  I t  
had p r e v i o u s l y  been_ argued, on t h e o r e t i c a l  grounds, th a t  the c e n t r a l  
c e l l s  R7 and R8  must be r e s p o n s ib l e  f o r  a l l  "h igh  a c u i t y "  responses 
o f  the f l y  because the r e c e p t i v e  f i e l d  o f  these  c e l l s  i s  t h e o r e t i ­
c a l l y  sm a l l e r  than tha t  o f  R1-R6 (argument based on rhabdomere 
d iam e te rs :  K i r s c h f e l d ,  1969).  Heisenberg and Buchner (1977) have 
s in c e ,  but q u i t e  independen t ly ,  examined a s e r i e s  o f  Drosoph i l a  
movement d e t e c t i o n  responses p r e v i o u s l y  b e l i e v e d  to be d r i v en  by R7 
and R8 . Using both r e c e p t o r  c e l l  mutants and the b lue/orange  e f f e c t  
they i s o l a t e d  the response  o f  the c e n t r a l  c e l l s  and demonstrated tha t  
movement d e t e c t i o n  ( " h i g h  a c u i t y " )  tasks a r e  in  f a c t  d r i v e n  by R1-R6.
A l l  of  the p h y s o l o g i c a l , v i s u a l  p igment ,  and behav ioura l  work 
r e l a t i n g  to the a f t e r p o t e n t i a l s  in  the Drosoph i l a  r e t i n a  ( i n c lu d in g  
th a t  of  Heisenberg and Buchner, 1977) has been performed on w h i t e -  
-eyed  f l i e s .  At tempts  to induce a f t e r p o t e n t i a l s  in  the ERG o f  
w i l d t y p e  Drosoph i l a  have been unsuccess fu l  (Cosens and B r i s c o e ,  
1972),  and no r e p o r t s  have appeared from the groups using i n t r a c e l ­
l u l a r  r e co rd in g  te chn iques .  Th is  r e s u l t  l e a v e s  open the p o s s i b i l i t y  
th a t  the b lue/orange  e f f e c t s  a r e  a r t e f a c t s  o f  the v a r i o u s  wh i te  
m utat ions .  Th is  h ypo th es is  i s  examined in  chapter  5 and r e fu t e d .  
Whole f i e l d  i l l u m in a t i o n  o f  w i ld t y p e  Drosoph i l a  i s  found to r e s u l t  in  
the  a f t e r p o t e n t i a l  as in  the w h i t e - e y ed  f l y .  Th is  r e s u l t  forms the 
b a s i s  f o r  the i n t e r p r e t a t i o n  o f  l on g - t e rm  behav ioura l  m o d i f i c a t i o n  in  
w i l d t y p e  Drosoph i l a  r epo r t ed  by Willmund and Fischbach (1977 ) .
The technique o f  whole f i e l d  i l l u m in a t i o n  descr ibed  in  chapter  
5 has been adapted by Morton (1977) to demonstrate the c o n t r i b u t i o n  
o f  R1-R6 to v i s u a l  f i x a t i o n  r e a c t i o n s  in  w i l d t y p e ,  c innabar  and 
w h i t e - eyed  Drosoph i l a .
7 : Aims
The work repo r ted  in  th i s  t h e s i s  was undertaken w i th  the f o l l o w in g
To ob ta in  d . c .  r e c o rd in g s  from the r e t i n a  o f  Drosoph i la  in  
o rd e r  to d e s c r ib e  the behav iour o f  the ERG a f t e r p o t e n t i a l .
To determ ine  whether  the ERG da ta  can p ro v id e  r e l i a b l e  
in fo rm a t i o n  about e ven ts  o ccu r r in g  ac ross  the membranes o f  c l a s s e s  of  
c e l l s  in  the r e t i n a .
To determ ine  the s i g n i f i c a n c e  o f  changes in  d . c .  p o t e n t i a l  of  
t  he ERG.
To compare the Drosop h i l a  a f t e r p o t e n t i a l  w i th  tha t  in  o th e r  
s p e c i e s .
To assess  models o f  p h o t o t r ansduct ion  and chromatic a d ap ta t io n  
in  the l i g h t  o f  the c o l l e c t e d  Drosoph i l a  data .
To cons t ruc t  a b i o p h y s i c a l  model of  the Drosoph i l a  a f t e r p o t e n ­
t i a l  .
To in c o rp o ra t e  a f t e r p o t e n t i a l s  in to  mathematical  d e s c r ip t i o n s  
o f  sensory  r e c e p t o r s .
To determ ine  whether the a f t e r p o t e n t i a l  occurs in  w i ld t y p e  
D rosoph i la
To determ ine  whether a f t e r p o t e n t i a l s  c o n t r i b u t e  to b ehav ioura l  
m o d i f i c a t i o n  in  w i ld t y p e  Drosoph i l a  (Willmund and Fischbach,  1977).
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CHAPTER 2
BLUE-ADAPTATION AND ORANCE-ADAPTATION IN WHITE-EYED DROSOPHILA: EVID­
ENCE INDICATING THAT THE PROLONGED AFTERPOTENTIAL IS CORRELATED WITH 
THE AMOUNT OF METARHODOPSIN (M580) IN  RETINULA CELLS R1-R6
SUMMARY
1. Shor t -wave leng th  l i g h t  produces pro longed  changes in  the 
ERG a f t e r p o t e n t i a l  and the s i z e  o f  the ERG response  to a f i x e d  
i n t e n s i t y  t e s t f l a s h :  these  changes can be reve rsed  a t  any t ime by
lon g -w ave len g th  l i g h t :  t h i s  "b lue/orange  ad ap ta t ion "  i s  c l e a r l y
s ep a rab le  from o th e r  components o f  l i g h t  o r  dark ad ap ta t i o n  ( F i g .  3 ) ,  
and opera tes  o ve r  a t o t a l l y  d i f f e r e n t  time s ca le  ( F i g s .  10a and 10b).
2. The amount o f  l i g h t  requ ired  to produce a c r i t e r i o n  change 
i n  the s t a t e  o f  b lue/orange  adapat ion  o f  the eye i s  independent of  
the  i n t e n s i t y  o r  temporal p a t t e r n  o f  the st imulus ( F i g s .  1, 2, 3, 4, 
5, 6 , and Tab le  2 ) .
3. The r e co v e r y  o f  s e n s i t i v i t y  in  darkness f o l l o w i n g  an 
in t e n se  blue s t imulus i s  e x t rem e ly  s low ( h o u r s ) ; and a t  any time 
dur ing  the r e co v e r y  o f  s e n s i t i v i t y ,  b lue  l i g h t  w i l l  aga in  d im in ish  
s e n s i t i v i t y  o r  orange l i g h t  r e s t o r e  i t  ( F i g s .  10a and 10b).
4.  The response  ampli tude e l i c i t e d  by a t e s t f l a s h  i s  h i g h l y  
n e g a t i v e l y  c o r r e l a t e d  w i t h  the s i z e  o f  the ERG a f t e r p o t e n t i a l  (a )  
during b lu e -a d a p ta t i o n  ( F i g s .  1, 2, 3 ) ,  ( b )  during the d e c l i n e  of  
the  ERG a f t e r p o t e n t i a l  r e s u l t i n g  from exposure  o f  the b lue-adapted  
eye  to lon g -w ave len g th  l i g h t  ( F i g s .  4, 5, 6 , 7 ) ,  ( c )  during dark 
r e c o v e r y  from b lu e -a d a p ta t i o n .
5. The data  a re  c o n s i s t e n t  w i th  the v i ew  th a t  the ad ap ta t io n a l
changes d esc r ibed  r e s u l t  from in t e r c o n v e r s i o n s  of  rhodopsin (R480) 
and metarhodops in (M580);  th a t  the s i z e  o f  the pro longed  ERG 
a f t e r p o t e n t i a l  i s  c l o s e l y  l in ked  to the quan t i t y  o f  M580 in  r e t i n u l a  
c e l l s  R1-R6 f o l l o w i n g  t r an sd u c t io n ;  th a t  the e f f e c t s  observed in  the 
ERG c l o s e l y  r e f l e c t  e ven ts  o ccur r ing  across  the transducing membranes 
o f  R1-R6; and tha t  th e r e  i s  a component o f  the membrane conductance 
o f  R1-R6 tha t  i s  c o r r e l a t e d  w i th  the quan t i t y  o f  M580 p r e s e n t .
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1: INTRODUCTION
The ommatidia o f  the d ip t e ra n  compound eye con ta in  an unfused
rhabdom: the rhabdomeres o f  i n d i v i d u a l  r e t i n u l a  c e l l s  a r e  s epara te  
a long t h e i r  f u l l  l e n g th  and are  arranged in  a t y p i c a l  asymmetric 
p a t t e r n .  Pak (1975) and Pak and P in t o  (1976) have r e c e n t l y  reviewed 
the r e l e v a n t  anatomy o f  the f l y  r e t i n a  w i th  p a r t i c u l a r  r e f e r e n c e  to 
D r o s o p h i l a . K i r s c h f e l d  and F ra n cesch in i  on examinat ion o f  the o p t i c s  
o f  the compound eye o f  Musea concluded tha t  i t  con ta ins  two 
an a to m ic a l l y  and f u n c t i o n a l l y  d i s t i n c t  systems: one system r e c e i v e s  
input from the central ,  c e l l s  R7 and R8 , and the second r e c e i v e s  input 
from the p e r ip h e r a l  r e t i n u l a  c e l l s  R1-R6 ( rev iewed  in  K i r s c h f e l d ,  
1969).  Th is  d i v i s i o n  has been g e n e r a l l y  accepted as a p roper ty  o f  the 
d ip t e r a n  compound eye (McCann and A r n e t t ,  1972) and the two systems 
d i f f e r  in  t h e i r  s p e c t r a l  s e n s i t i v i t y :  R1-R6 a r e  maximal ly  s e n s i t i v e  
to  green l i g h t  (470 to 510 nm) w i t h  a second peak in  the u l t r a v i o l e t  
(340 nm to 360 nm), w h i l e  R7 + R8  a r e  maximally s e n s i t i v e  to blue 
l i g h t  (around 460 nm) and a lso  to UV ( Musca, C a l l i pho ra and
P h a e n i c i a : McCann and A r n e t t ,  1972; Drosoph i l a : Minke e t  a l . ,  1975;
Cosens and U r i g h t ,  1975; H ar r is  e t  a l . ,  1976).  Using m orpho log ica l  
mutants o f  Drosoph i l a  H ar r is  e t  a l .  (1976) demonstrated tha t  R7 i s  
e x c l u s i v e l y  a UV r e c e p t o r ;  a s i n g l e  peaked UV r e c e p t o r  ( e i t h e r  R7 o r  
R8 ) has a lso  been r epo r t ed  f o r  C a l l ip h o  ra ( M e f f e r t  and Smola, 1976).
The major v i s u a l  pigments o f  the Drosoph i l a  r e t i n a  were
i d e n t i f i e d  by Ostroy  e t  a l .  (1974) as a rhodopsin R480 and a
metarhodopsin  M580 which i s  s t a b l e  in  darkness ( t im e -c o n s ta n t  about 6 
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where the wavy l i n e s  r e p r es en t  photochemical r e a c t i o n s  w i th  r a t e - c o n -  
s ta n t s  k l  and k2 , th a t  a r e  i n t e n s i t y  dependent ,  and the s o l i d  l i n e  
r e p r e s e n t s  the d a r k - r e g e n e r a t i o n  o f  R480 w i th  r a t e - c o n s t a n t  d.
Phenomena a s s oc ia t ed  w i th  t h i s  pigment system (Pak and L i d i n g -  
ton ,  1974) have been l o c a l i s e d  to R1-R6 by i n t r a c e l l u l a r  r e co rd in gs  
(Minke e t  a l . ,  1975).  A p ro longed  d e p o la r i s in g  a f t e r p o t e n t i a l  (PDA) 
i s  accompanied by a r e d u c t i o n  in  the s e n s i t i v i t y  o f  R1-R6 f o l l o w i n g  
an in ten se  b lue s t imu lus ;  the PDA i s  abo l i shed  by orange  l i g h t .  The 
ERG o f  Drosoph i la  had a l r ea dy  r e v e a l e d  s i m i l a r  phenomena: an in tense  
b lue  st imulus i s  f o l l o w e d  by a pro longed  cornea l  n e g a t i v e  p o t e n t i a l  
(PCNA) which d e c l i n e s  during o r  a f t e r  an in tense  orange s t imulus ;  
dur ing the PCNA a r e s id u a l  monophasic response i s  observed  in  the ERG 
(Cosens and B r i s c o e ,  1972).  The i n t r a c e l l u l a r  ev idence  o f  a PDA in  
R1-R6 (Minke e t  a l . ,  1975),  and ERG data  from mutants l a c k in g  R1-R6 
(H a r r i s  e t  a l . ,  1976) con f i rm the i n t e r p r e t a t i o n  o f  the PCNA 
p resen ted  by Cosens and Wr igh t  (1975) and Minke e t  a l .  (1975 ) :  during 
a PCNA the  c o n t r ib u t i o n  o f  R1-R6 to the ERG i s  reduced, expos ing  the 
monophasic response o f  the c e n t r a l  r e t i n u l a  c e l l s .  H a r r i s '  study 
demonstrates  tha t  R1-R6 con ta in  the pigment system drawn above; R7 
con ta ins  a s i m i l a r  system w i t h  an R370 and an M470; w h i l e  R8  i s
"  a non-adapting b lu e - r e c e p t o r  w i th  a th i rd  type o f  rhodops in "
(H a r r i s  e t  a l . ,  1976).
Th is  chapter  examines the e f f e c t s  o f  sh o r t -w a ve len g th  l i g h t  
( termed b lu e -a d a p ta t i o n )  and long -wave leng th  l i g h t  ( termed o range -a -
d a p ta t io n )  upon r e t in u la  c e l l s  R1-R6 by obse rv in g  the ERG o f  
w h ite -e y ed  Drosoph i l a .
The D rosoph i la  pho to r ec ep to rs  have not y e t  been examined in  a 
way tha t  i s  d i r e c t l y  comparable w i th  the s tud ies  o f  Balanus and 
Limulus (H ochs te in  e t  a l . , 1 9 7 3 ;  Minke e t  a l . ,  1973b).  In  p a r t i c u l a r  
the  d ura t ion  o f  the PCNA o r  the PDA has not been compared w i th  the 
l ong  t im e-cons tan t  f o r  the r e co v e r y  o f  s e n s i t i v i t y  f o l l o w i n g  b lu e -a -  
d a p ta t i o n  in  t h i s  spe c ie s  (ERG data :  r e co v e r y  o f  s e n s i t i v i t y  takes 
more than 3 hours: Cosens and B r i s c o e ,  1972; ERG and i n t r a c e l l u l a r  
e v id en c e :  PCNA/PDA l a s t  s e v e r a l  hours: Minke e t  a l . ,  1975).  The t imes 
in v o l v e d  here  a re  s i m i l a r  to the repo r ted  t im e-cons tan t  f o r  the 
dark-decay  o f  the Drosoph i la  metarhodops in ,  M580, o f  R1-R6 ( g r e a t e r  
than 6 hours ,  d a ta  from the M - p o t e n t i a l :  Pak and L id in g t o n ,  1974) 
which suggests  a p o s s i b l e  c o r r e l a t i o n  between s e n s i t i v i t y  and the 
a v a i l a b i l i t y  o f  rhodops in ,  R480. The issue  i s  complicated  by Staven-  
g a ' s  (1975) a s s e r t i o n  tha t  the t im e-cons tan t  repor ted  by Pak and 
L i d in g t o n  i s  e x c e s s i v e l y  l a r g e .  On the issue  o f  s e n s i t i v i t y ,  Hamdo- 
r f ' s  group a t  Bochum has argued f o r  some years  tha t  the rhodopsin  
c o n c e n t r a t i o n  o f  f l y  pho to r ec ep to rs  c o n t r o l s  t h e i r  s e n s i t i v i t y :  the 
metarhodops in  making no c o n t r i b u t i o n  a t  a l l  ( r e v i ew ed  in  Hamdorf and 
Schwemer, 1975).  More r e c e n t l y ,  however,  the importance o f  metarhodo­
p s in  appears to have been r e a l i s e d  (Razmjoo and Hamdorf, 1976).  
Razmjoo and Hamdorf p resen t  data  showing tha t  the metarhodops in 
con ten t  o f  R1-R6 in  C a l l i phora a l t e r s  the s e n s i t i v i t y  o f  these  c e l l s .  
The data  presented  in  th i s  chapter  show th a t  ( a )  the d e c l i n e  o f  the 
PCNA in  w h i t e - e y ed  Drosoph i l a  i s  ex t rem e ly  s low and accompanies dark 
changes in  the v i s u a l  pigment com pos i t ion  o f  R1-R6 ( thus con f i rm ing  
Pak and L i d i n g t o n ' s  long  t im e-cons tan t  f o r  the decay o f  M580) and (b )  
the s i z e  o f  the a f t e r p o t e n t i a l  i s  c o r r e l a t e d  w i th  the qu an t i t y  o f
M580 in  r e t i n u l a  c e l l s  R1-R6 a t  any t ime .  I t  i s  a lso  shown tha t  ( c )  
the  magnitude o f  the ERG a f t e r p o t e n t i a l  and response ampl itude a re  
h i g h l y  n e g a t i v e l y  c o r r e l a t e d  in  the manner p r ed i c t e d  f o r  transmemb­
rane p o t e n t i a l s  using a model o f  the transducing membrane. This  and 
o th e r  e v idence  i n d i c a t e s  tha t  ( d )  both  ERG and i n t r a c e l l u l a r  data 
concerned w i th  b lue/orange  ad ap ta t ion  in  R I -R 6 o f  Drosoph i l a  r e f l e c t  
transmembrane e v en ts .  P o in t s  a,  b,  and d suggest  tha t  ( e )  the 
Drosoph i l a  data  i s  compat ib le  w i t h  an " e x c i t o r - i n h i b i t o r "  model o f  
t r an sd u c t io n  on ly  i f  the l i f e t i m e  o f  the " e x c i t o r "  i s  g r e a t e r  than 
the  l i f e t i m e  o f  the metarhodopsin  M580. This  would mean tha t  the 
" e x c i t o r "  had a l i f e t i m e  o f  s e v e r a l  hours. I  sugges t  the p o s s i b i l i t y  
th a t  ( f )  the quan t i t y  o f  metarhodopsin remaining a f t e r  t r an sd uc t ion  
determ ines  ( v i a  a l o n g - l i v e d  " e x c i t o r " ? )  the  magnitude o f  the 
transmembrane a f t e r p o t e n t i a l  which in  turn a l t e r s  the s i z e  o f  the 
measured response ampli tude to a f i x e d  s t imulus (and by i n f e r e n c e  
s e n s i t i v i t y )  independen t ly  o f  s e n s i t i v i t y  changes which may be 
a t t r i b u t a b l e  to the simultaneous changes in  the quan t i t y  o f  rhodopsin 
R480 which i s  a v a i l a b l e  f o r  photon cap ture .  That i s ,  s e n s i t i v i t y  i s  
n e g a t i v e l y  c o r r e l a t e d  w i th  the c o n c en t ra t i o n  o f  metarhodops in M580 in  
the  membranes o f  r e t i n u l a  c e l l s  R1-R6.
2: MATERIALS AND METHODS
2.1 :  The F l i e s  Used and the Record ing  Technique
The m a te r i a l s  and the ERG re co rd in g  technique used were s i m i l a r  to 
those p r e v i o u s l y  r epo r t ed  from t h i s  l a b o r a t o r y  (Cosens, 1971; Cosens 
and W r igh t ,  1975).  The f l i e s  were  w h i t e  eyed (w o r  bw/cn) Drosoph i l a  
melanoga s t e r  which un l ike  the red-eyed  w i l d t y p e ,  a r e  e a s i l y  b lue/o ­
range adapted (Cosens and B r i s c o e ,  1972).  They were cu l tu red  a t  room 
temperature  ( c a .  22 °C) on standard cornmea l-agar-molasses  medium. 
E l e c t r o r e t in o g ra m s  (ERGs) from i n t a c t  f l i e s  were  monitored on a 
Telequipment D53 o s c i l l o s c o p e  and a Bryans 28000 p e n w r i t e r  v i a  an 
e x t r a c e l l u l a r  R in g e r ,  o r  sodium c h l o r i d e ,  f i l l e d  g l a s s  m i c r o p i p e t t e .  
The m i c r o p ip e t t e  was in s e r t ed  through the cornea in to  the r e t i n u l a  
c e l l  r e g i o n  ( p e r i p h e r a l  r e t i n a )  o f  the eye and led  o f f ,  v i a  an 
Ag/AgCl e l e c t r o d e ,  to  a h igh  impedance b u f f e r  a m p l i f i e r .  A g o l d  w i r e  
i n s e r t e d  in to  the thorax served  as the i n d i f f e r e n t  e l e c t r o d e .
2 .2 :  L i g h t  Sources
The p r ep a r a t i o n  was bathed w i th  l i g h t  using a c o l l im a te d  beam from a 
100 W 12 V tu ngs ten -ha logen  p r o j e c t o r  lamp ( P h i l i p s  Al/215)  which i s  
c a l l e d  the adapting l i g h t .  In  a d d i t i o n  a dimmer l i g h t ,  the t e s t f l a s h ,  
was focussed onto the eye from an o v e r d r i v e n  2.5 V, 0 .3  A, torch 
bu lb .  This  was used f o r  p r e s e n t in g  r e p e t i t i v e  s t im u l i  and i t s  t im ing 
was c o n t r o l l e d  by a m u l t i v i b r a t o r  w i th  two f i x e d  p e r i o d s :  2 s and 4 
s .  The d ura t ion  o f  the on-t ime was con t inuous ly  v a r i a b l e  from a 
minimum o f  180 ms to almost the whole t iming p e r i o d .
With both l i g h t  sources the wave leng th  o f  i r r a d i a t i o n  was
c
c o n t r o l l e d  by Ba lze rs  broad-band s p e c t r a l  f i l t e r s .  Tab le  1 shows the 
transm iss ion  c h a r a c t e r i s t i c s  (bandwidth to 1 0 % transm iss ion )  o f  these  
f i l t e r s  measured w i th  a Pye Unicam SP 800 spec t ropho tom ete r .  The 
maximum energy emit ted  through each f i l t e r  was measured f o r  both 
sources  using a T ek t ron ic s  J 16 D i g i t a l  Photometer  and a J6502 probe  
c a l i b r a t e d  in  mW m- ^. Measurement of th i s  v a r i a b l e  i s  sub jec t  to some 
e r r o r  p a r t i c u l a r l y  in  the case o f  the t e s t f l a s h ,  the focussed beam o f  
which does not f i l l  the f i e l d  of  v i e w  o f  the probe .  C o r r e c t i o n  f o r
Table 1, Characteristics of the f i l t e r s  and ligh t sources 
■used in the experiments.
F ilte r  colour 10J5 bandwidth 
(ran)
Adapting light intensity  
10^6 photons cnT^s”!
Testflash intensity  
lO1  ̂ photons cnT^s"**
v io le t 316-425 0 .2 0 .8
blue 4 16-500 1.4 0 .8
green 466-546 1.6 1.4
yellow 520-600 3.6 6.3
orange 563-644 2.2 6.2
red 606-670 2 .3 6 .5
deep red 670-740 1.8 5.9
t h i s  i s  inc luded in  the measurements l i s t e d  in  the t a b l e .  Photon f l u x  
was c a l c u la t e d  using the r e l a t i o n s h i p :  E = hc/\, using the mid band 
wave leng th  o f  each f i l t e r .  The i n t e n s i t y  o f  i l l u m in a t i o n  was con t ro ­
l l e d  by c a l i b r a t e d  h ea t - f o g g e d  photograph ic  p l a t e s  o r  B a l z e r s  neu tra l  
d e n s i t y  f i l t e r s .  A B a l z e rs  C a l f l e x  B1K1 i n t e r f e r e n c e  heat f i l t e r  was 
used a t  a l l  t imes .
2 .3 : Experimental  Procedure
Three  i l l u m in a t i o n  regimes were used in  the experiments  r epo r t ed :  (A)  
Using the adapting l i g h t  c o n t r o l l e d  by a photograph ic  l e a f  sh u t t e r :  
Type 1. P ro longed  continuous i l l u m in a t i o n .  Type 2. B r i e f  pu lses  o f  
l i g h t  s epara ted ,  o r  f o l l o w e d ,  by pe r iods  o f  darkness.  (B)  Using the 
t e s t f l a s h :  Type 3. R e p e t i t i v e  a l t e r n a t i o n  o f  i l l u m in a t i o n  and dark­
ness .
I t  i s  a standard aim when t e s t i n g  the response  o f  a r e c e p t o r
to  avoid  the p o s s i b i l i t y  tha t  the t e s t  st imulus a l t e r s  the p e r f o r ­
mance o f  the r e c e p t o r ,  t h i s  in v o l v e s  the use o f  b r i e f  dim s t i m u l i .  In
a number o f  the exper iments  repo r ted  I  have d e l i b e r a t e l y  used b r i g h t
t e s t  s t im u l i  which do adapt the r e c e p t o r .  Th is  has a l lowed  me to 
mon i to r  the r e c e p t o r  response  con t inuous ly  during the r e s u l t a n t  
ad ap ta t ion .  When the t e s t f l a s h  has been used in  th i s  way i t  i s  c a l l e d  
the  a d a p t in g - f l a s h  in  the t e x t  ( s e e  F i g s .  3, 5, 6 , 7 ) .  Using an 
a d a p t in g - f l a s h  t o g e th e r  w i t h  a continuous adapting l i g h t  the r e c e p t o r  
response  has been observed w h i l e  i t  was s t imu la ted  by two adapting 
wave leng ths  ( F i g s .  8 , 9 ) .
The eyes were  s e l e c t i v e l y  adapted using the co lour  reg imes 
d esc r ibed  in  Cosens and Wright  (1 97 5 ) .  These authors ,  Minke e t  a l .
(1975) and H arr is  e t  a l .  (1976) have demonstrated tha t  the phenomena
observed ( s e e  F i g .  I )  a r e  a t t r i b u t a b l e  to r e t i n u l a  c e l l s  R1-R6. Thus 
by obse rv in g  changes o cu r r in g  i n  the ERG p o t e n t i a l  during blue and 
orange adap ta t ion  we a r e  p r i n c i p a l l y  examining the r e s u l t s  o f  the 
behav iour  o f  t h i s  c e l l  group.
Two bas ic  measurements have been made from the ERG r e c o r d s .  
The f i r s t  i s  the c on ven t ion a l  measure of  the response ampli tude 
e l i c i t e d  by a f i x e d  i n t e n s i t y  s t imulus and i s  an i n d i c a t o r  of  
s e n s i t i v i t y .  The second i s  a measurement o f  the ERG b a s e l i n e  r e l a t i v e  
to  an a r b i t r a r y  p o t e n t i a l  l e v e l  in  the eye ;  the term a f t e r p o t e n t i a l  
i s  used to d e s c r ib e  t h i s  measurement.
I  have adopted the conven t ion  o f  p l o t t i n g  cornea l  n e g a t i v e  
p o t e n t i a l s  upwards on the f i g u r e s ,  and a f t e r p o t e n t i a l s  a r e  recorded 
as d e v i a t i o n s  o f  the ERG b a s e l i n e  in  a cornea l  n e g a t i v e  d i r e c t i o n  
from an a r b i t r a r y  p o t e n t i a l  in  the r e g i o n  o f  the i n i t i a l  ( p r e - b lu e -  
a d ap ta t io n )  l e v e l  o f  t h i s  b a s e l i n e .  E xac t l y  how these  measurements 
were  made i s  c l a r i f i e d  in  F i g .  1 and the accompanying t e x t .
3: RESULTS
3.1 :  The K in e t i c s  o f  changes in  the V isu a l  Pigment Composi t ion
D i f f e r e n t  co lours  o f  l i g h t  have been used in  the exper iments  to be 
r e p o r t e d  in  o rde r  to change the v i s u a l  pigment com pos i t ion  in  R1-R6. 
T h is  s e c t i o n  d e r i v e s  the behav iour  o f  the v i s u a l  pigment from bas ic  
p h y s i c s .  Hamdorf and Schwemer (1975) have g i v e n  equations  which a re  
based on the assumption tha t  the absorp t ion  o f  l i g h t  in  the 
rhabdomere obeys the Beer -Lamber t Law. I t  i s  h i g h l y  u n l i k e l y  tha t  
t h i s  assumption i s  f u l f i l l e d  in  w i l d t y p e  f l i e s ,  but i t  i s  c e r t a i n l y  
v i o l a t e d  in  the wh i t e - eyed  mutant in  which the screen ing  pigments  a re
a b s en t .
Rhodopsin R480 and metarhodopsin M580 a r e  the on ly  s t a t e s  o f  
the v i s u a l  pigment in  R1-R6 o f  D rosoph i la  which have been i d e n t i f i e d  
(Pak and L id in g t o n ,  1974; O s t roy  e t  a l . ,  1974; H ar r i s  e t  a l . , 1976).
The methods used by these  workers were i n s e n s i t i v e  to the e x i s t e n c e  
o f  t r a n s i e n t  in t e rm ed ia te s  o f  the v i s u a l  pigment such as have been 
i d e n t i f i e d  in  o th e r  s p e c ie s  ( L im u lus : Fe in  and DeVoe, 1974).  Stavenga 
(1977) has searched f o r  e v id en ce  o f  t r a n s i e n t  in te rm ed ia te s  o f  the 
v i s u a l  pigment in  R1-R6 o f  C a l l i ph o ra ; he found none. I f  the 
C a l l i phora r e s u l t  can be g e n e r a l i s e d  to Drosoph i l a , the v i s u a l  
p igment system o f  R1-R6 can be represen ted  by
where r and m r e s p e c t i v e l y  r e p r e s en t  the pigment s t a t e s  R480 and 
M580, and the diagram i s  o th e rw is e  as g i v e n  a t  the beg inn ing  of  t h i s  
chap ter .  The k i n e t i c  behav iour  o f  t h i s  system ( s e e  e . g .  H a l l i d ay  and 
Resn ick ,  1966, a b as ic  phys ics  t e x t )  i s  obta ined  from the f o l l o w i n g  
equat ions
d = Amr -dNm/dt = Amr.Nm
k l  = Brm.p(vA)  -dNr/dt = Brm .p (vA ) .Nr
k2 = Bmr.p(vA) -dNm/dt = Bmr.p (vk).Nm
where N i s  the number o f  mo lecu les  in  the s t a t e  r o r  m, B i s  the 
E in s t e in  t r a n s i t i o n  p r o b a b i l i t y  f o r  ab so rp t ion  f o r  the r e a c t i o n  r to 
m or  m to r a t  wave leng th  , Amr i s  the E in s t e in  t r a n s i t i o n  
p r o b a b i l i t y  f o r  spontaneous emiss ion  o f  m to r ( r  never  decays to m) , 
and piv^X ) i s  the r a d i a t i o n  d en s i t y  a t  wave leng th  ^ . k l  and k 2 a r e  
seen to be d i r e c t l y  p r o p o r t i o n a l  to the r a d i a t i o n  dens i ty  w i th in  the 
rhabdomere. The s teady  s t a t e  s o lu t i o n  o f  these  equations  g i v e s
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A  , ANr/Nm = (k2 +  d )/ k l
and
i r  = (k2 + d ) / ( k l  + k2 + d)  (eqn. 3 .1 -1 )
where nr = Nr/Nmax, and Nmax = Nr + Nm
The s o lu t i o n  f o r  the k i n e t i c  behaviour i s
nr = nr + (nrO -  n r )  e-K t  (eqn.  3 .1 -2 )
where K = k l  + k2 + d
Thus the d isp lacement  of  the va lue  nr from i t s  e q u i l i b r iu m  va lue  nr 
decays e x p o n e n t i a l l y  w i th  the t im e-cons tan t  T = 1/(k l  +  k2 + d ) .
3 .2 :  B lue -Adapta t ion  and Orange-Adaptat ion  in  the White -eyed  Mutant
o f  Drosoph i l a
This  s e c t i o n  d es c r ib e s  the e f f e c t s  o f  an in ten se  blue l i g h t  st imulus 
upon the ERG o f  a "da rk -adap ted "  Drosoph i la  eye ,  and the r e v e r s a l  of
these  e f f e c t s  f o l l o w i n g  an orange l i g h t  s t imulus .
The t ime cons tant  (T :  t ime r equ i red  f o r  50% change) f o r  the 
d e c l i n e  o f  the ERG b a s e l i n e  ( a f t e r p o t e n t i a l )  f o l l o w i n g  any dose o f  a 
lo n g -w a ve len g th  s t imu lus ,  o r  a smal l  dose o f  a sh o r t— wave leng th  
s t im u lus ,  r a r e l y  exceeds 3 s in  a f r e s h  p r ep a r a t i o n .  The r e co v e r y  o f  
s e n s i t i v i t y  can be somewhat s low e r ,  p a r t i c u l a r l y  f o l l o w i n g  an in tense  
s t imulus o f  l ong  dura t ion :  T = 10 s to 30 s .  These t im e-cons tan ts  can 
be v a s t l y  increased  f o l l o w i n g  a l a r g e  dose o f  sho r t -w ave len g th  l i g h t .
I  w i l l  c a l l  t h i s  e f f e c t ,  and any o th e r  e f f e c t s  s p e c i f i c  to shor t -wa-  
v e l e n g th  l i g h t  in  the b lue  r e g i o n  o f  the spectrum ( i . e .  exc lud ing  
u l t r a v i o l e t ) :  b lu e - a d a p ta t i o n .  F i g .  1, a p en w r i t e r  r e co rd ,  i l l u s t ­
r a t e s  some o f  the f e a tu r e s  o f  b lu e -a d a p ta t i o n .  A b r i e f  dim, w h i t e  
l i g h t  was f l a s h in g  throughout th i s  demonstra t ion  experiment to 
i n d i c a t e  changes in  the response  o f  the eye to a constant  st imulus 
( i . e .  to i n d i c a t e  s e n s i t i v i t y  changes ) .  Fo l low ing  an in tense  blue  
s t imulus d e l i v e r e d  a t  "A "  on the f i g u r e  a pro longed cornea l  n eg a t i v e  
a f t e r p o t e n t i a l  (PCNA) i s  seen, accompanied by a c o n s id e ra b le  reduc­
t i o n  in  the s i z e  o f  the response  to the t e s t f l a s h .  Th is  response i s  
now monophasic (Cosens and B r i s c o e ,  1972; the  "superimposed respon­
s e " ,  "SR" o f  Minke e t  a l . ,  1975) and lacks the lamina o n - t r a n s i e n t  
which was p r e v i o u s l y  v i s i b l e .  A p o in t  to no te  i s  tha t  in  a l l  o f  the 
f i g u r e s  the ERG data  i s  p l o t t e d  cornea l , -nega t iv e  upwards, t h i s  
conven t ion  f a c i l i t a t e s  the comparison o f  e x t r a c e l l u l a r  and i n t r a c e l ­
l u l a r  r e c o r d in g s .
The s low d e c l i n e  o f  the a f t e r p o t e n t i a l  in  the b lue-adapted  eye 
may be con t ras ted  w i th  the rap id  d e c l i n e  o f  the a f t e r p o t e n t i a l ,  and 
the  r e co v e r y  o f  the response  to the t e s t f l a s h ,  f o l l o w i n g  in ten se  
orange i l l u m in a t i o n  d e l i v e r e d  a t  B on the r e co rd .  In the remainder o f  
the  th e s i s  I  w i l l  c a l l  the ad ap ta t ion  s p e c i f i c  to lon g -w ave len g th
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F igu re  1: A p en w r i t e r  record  o f  the ERG o f  w h i t e -eyed  Drosoph i la
demonstrating A b lu e - a d a p ta t i o n ,  B the r e v e r s a l  o f  the e f f e c t s  o f  
b lu e -a d a p ta t i o n  w i th  orange l i g h t ,  and C th a t  b lu e -a d a p ta t i o n  i s  
cumulative  when a reduced i n t e n s i t y  o f  blue l i g h t  i s  used; the 
experiment i s  descr ibed  f u l l y  in  the t e x t .  At the l e f t  hand s id e  of  
the f i g u r e  the measurement o f  the ERG b a s e l i n e  ( a f t e r p o t e n t i a l :  a)
from an a r b i t r a r y  p o t e n t i a l  l e v e l ,  and the response amplitude 
e l i c i t e d  by a t e s t f l a s h  ( r a )  a r e  demonstrated.  (From an o r i g i n a l  
r e c o rd in g  by D. C o sen s ) .
F igu re  2: A graph o f  the response  amplitude to the t e s t f l a s h  ag a in s t  
the a f t e r p o t e n t i a l  during the  exper iments  shown in  F i g u r e  1. The 
measurements were taken d i r e c t l y  from F igu re  1 and the symbols,  which 
a r e  common to F igu res  1 and 2, i n d i c a t e  the source  o f  the data .
afterpotential (mV)
l i g h t  in  the orange r e g i o n  o f  the spectrum: o ran ge -ad ap ta t io n .
The r e f e r e n c e s  c i t e d  in  chapter  1 show tha t  during the PCNA in  
a b lue -adapted  eye R1-R6 a r e  d e p o la r i s ed  and unrespons ive  w h i l e  R7 
and R8 a re  u n a f f e c t e d .
Note  tha t  a f t e r  the orange i l l u m in a t i o n  in  F i g .  1 (marked 
" B " ) ,  which c on ve r ts  metarhodops in  back to rhodopsin and removes the 
PCNA, the ERG b a s e l i n e  i s  lower  than a t  the beg inn ing  o f  the 
exper iment .  Th is  i s  i n t e r p r e t e d  as due to h y p e r p o l a r i s a t i o n  o f  R1-R6. 
S ince  the "w h i t e "  t e s t f l a s h  used conta ins  l i t t l e  o r  no u l t r a v i o l e t  
l i g h t  ( t o  which R7 i s  maximally  r e sp o n s i v e :  Harr is  e t  a l . ,  1976) I  
conc lude tha t  the monophasic response v i s i b l e  during the PCNA i s  
p r i n c i p a l l y  the response  o f  R8 .
In  v i ew  o f  the r e s u l t s  presented  here  (most o f  which have been 
r e p o r t ed  p r e v i o u s l y  by a number o f  authors :  Cosens and B r i s c o e ,  1972; 
Cosens and W r igh t ,  1975; Minke e t  a l . ,  1975; S tark  e t  a l . ,  1975; and 
H ar r is  e t  a l . ,  1976) i t  i s  c l e a r l y  important to be aware a t  a l l  t imes 
o f  the s t a t e  o f  s p e c t r a l  ad ap ta t ion  o f  the eye .  The remainder  o f  the 
r e s u l t s  in  t h i s  chapter  a r e  concerned w i th  the p r o p e r t i e s  o f  b lue  and 
orange  ad ap ta t ion .  P r i o r  to each o f  the experiments the eyes were  
dosed w i th  l a r g e  amounts o f  e i t h e r  long or  shor t  wave length  l i g h t  
( p r e - a d a p t a t i o n )  which were  cons idered  s u f f i c i e n t  to make the eye 
e i t h e r  orange o r  b lue adapted.
The next  s e c t i o n  examines b lu e -a d a p ta t i o n  w i th  p a r t i c u l a r  
r e f e r e n c e  to the e f f e c t  o f  the qu an t i t y  o f  b lue  l i g h t  d e l i v e r e d  in  
the  s t imulus ;  p r i o r  to a l l  o f  the experiments  in  t h i s . s e c t i o n  the eye 
was orange adapted w i th  a l a r g e  dose o f  l on g -w ave len g th  l i g h t .
3 .3 :  B lue -Adapta t ion
P a r t  C o f  F i g .  1 shows the ERG response  when success ive  doses o f  blue 
l i g h t  o f  a lower  i n t e n s i t y  a r e  d e l i v e r e d  to the eye .  The e f f e c t  of  
b lue  i r r a d i a t i o n  i s  cumulat iv e  upon (a )  the t im e-cons tan t  o f  decay o f  
the  a f t e r p o t e n t i a l  ( f o r  d e t a i l s  see chapter  4 ) ,  and hence upon (b )
the  s i z e  o f  the remaining a f t e r p o t e n t i a l  measured a f t e r  an a r b i t r a r y  
f i x e d  t ime i n t e r v a l ,  and a lso  upon ( c )  the s i z e  o f  the ERG response  
to  the t e s t f l a s h .  The s i z e  o f  the a f t e r p o t e n t i a l  and the response 
ampl i tude a r e  h i g h l y  n e g a t i v e l y  c o r r e l a t e d .  F i g .  2 i s  a graph of  
measurements i l l u s t r a t i n g  t h i s  r e l a t i o n s h ip  ( r  = -0 .9 8 ,  d f  = 63, 
P<0.01 f o r  the data  from p a r t  C o f  F i g .  1 ) .  The source o f  the p o in t s  
on the graph i s  in d i c a t e d  by the symbols, which are  common to F igu res  
1 and 2. The symbol "X "  shows the mean va lue  o f  measurements o f  the 
a f t e r p o t e n t i a l  and the response ampli tude a t  the s t a r t  o f  the 
exper iment  when the eye was dark-adapted ;  the  symbol " + "  shows the 
mean va lue  o f  the same measurements a f t e r  the s i x t h  dose o f  b lue 
l i g h t  when the eye was b lue -adap ted  and. showing a s a tu ra t in g  PCNA.
A c o r r e l a t i o n  between ERG a f t e r p o t e n t i a l  and response ampl i­
tude appears to be a c o n s i s t e n t  p roper ty  o f  the ERG response  in  
p r ep a r a t i o n s  which d i s p la y  d . c .  s t a b i l i t y  and w i l l  be observed 
r e p e a t e d l y  in  the remaining r e s u l t s .
The s lope  o f  the r e l a t i o n s h i p  i s  no t ,  however i n v a r i a b l y  the
same in  a p a r t i c u l a r  p r e p a r a t i o n  using the same t e s t f l a s h .  For
in s ta n c e  the s lope  o f  the r e l a t i o n s h i p  i s  d i f f e r e n t  a f t e r  the orange
opa-n
i l l u m in a t i o n  shown in  F i g .  1 (compare / t r i a n g l e s  w i th  the o th e r
symbols in  F i g .  2 ) .  In t h i s  case the change in  s lope  occurs
immed ia te ly  a f t e r  orange l i g h t  has conver ted  metarhodopsin back to 
rhodopsin  and removed a PCNA, i n  a d d i t i o n  the ERG shows e v id ence  of  
h y p e r p o l a r i s a t i o n  o f  R1-R6. Th is  r e s u l t  i s  d iscussed  in  chapter  4.
The dynamics o f  b lu e -a d a p ta t i o n  are  c l e a r l y  separab le  from
those o f  s p e c t r a l l y  n o n - s p e c i f i c  l i g h t  ad ap ta t ion :  F igu re  3, a g a in
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p en w r i t e r  r e c o rd s ,  i l l u s t r a t e s  t h i s  p o in t .  The bottom record  (row 4 
o f  F i g .  3) shows, in  sequence the ERG response  to ( a )  an in ten se  10 s 
s t imulus  o f  red l i g h t  (which orange-adapts  the eye )  f o l l o w e d  by 15 s 
o f  darkness,  (b )  a b r i g h t  w h i t e  a d a p t in g - f l a s h  ( I s  on: 1 s o f f )  
which cont inued f o r  s e v e r a l  minutes,  and was f o l l o w e d  by 30 s o f  
darkness ,  ( c )  a second 1 0  s in tense  red s t imu lus ,  f o l l o w e d  by a b r i e f  
p e r i o d  o f  darkness  a f t e r  which the record  ends.
Note  tha t  in  the r eco rd  o f  row 4 the  p en w r i t e r  d . c .  o f f s e t  was used 
to  s h i f t  the b a s e l i n e  upwards b e f o r e  the second red s t imu lus :  t h i s  
s h i f t  was not b i o l o g i c a l .  I t  was necessary  to make th i s  s h i f t  in  th i s  
p r e p a r a t i o n  because o f  the s teady  downward d r i f t  v i s i b l e  on a l l  the 
r e co rd s  in  F i g u r e  3. Th is  kind o f  d r i f t  i s  probab ly  due to the 
r e c o r d in g  e l e c t r o d e s ,  but i t s  exact  source i s  not c l e a r .
The broad shaded band forming the major  par t  o f  each o f  the r eco rds  
i n  F i g u r e  3 i s  the response  to the f l a s h in g  s t imulus .  The darker  
c e n t r a l  ( h o r i z o n t a l )  band i s  the susta ined p o r t i o n  o f  the response 
a t t r i b u t a b l e  to the a c t i v i t y  o f  the r e t i n u l a  c e l l s  ( t op  b o rde r  = the 
maximum o f  the cornea l  n e g a t i v e  response due to R1-R8; lower  borde r  = 
the  r e s id u a l  a f t e r p o t e n t i a l  a t  the end of  the 1 s dark p e r iod  which 
sepa ra te s  the f l a s h e s ) . The l i g h t e r  f r i n g e s  above and below the dark 
c e n t r a l  band r e f l e c t  the a c t i v i t y  o f  the lamina.  The f r i n g e s  do not 
a c c u r a t e l y  correspond to the lamina t r a n s i e n t s  which a r e  a t tenuated  
due to the l im i t e d  s l e w - r a t e  o f  the p en w r i t e r .  The upper f r i n g e  
i n d i c a t e s  the lamina o f f - t r a n s i e n t ,  the lower  f r i n g e  the lamina 
o n - t r a n s i e n t .
Return ing  s p e c i f i c a l l y  to the response to a "w h i t e "  t e s t f l a s h
F ig u re  3: A montage o f  ERG reco rds  e l i c i t e d  by f l a s h in g  s t i m u l i .  Each 
r e co rd  shows, i n  sequence ( a )  the ERG reponse to an in tense  10 s red 
s t im u lus ,  f o l l o w e d  by 15 s o f  darkness ( th e  eye i s  now orange-adap­
t e d ) ,  (b )  the response to a f l a s h in g  s t imulus ( 1  s on: 1 s o f f ) ,  
f o l l o w e d  by 30 s o f  darkness  (n o t e  the PCNA in  the records  on rows 1, 
2 and 3: responses  to b lue s t i m u l i ) ,  and ( c )  the response to a second 
10 s in tense  red s t imulus (which ab o l i sh es  the PCNAs). Row 4 shows 
the  response when the a d a p t in g - f l a s h  was v?hite (n o t e  tha t  th e re  i s  no 
PCNA a f t e r  the wh i te  a d a p t i n g - f l a s h ) . The records  are  in t e r p r e t e d  
f u l l y  in  the t e x t .  Rows 1, 2 and 3 show responses to blue 
a d a p t in g - f l a s h e s  o f  seven  i n t e n s i t i e s  (row 1: 7 .8 ,  6 .2 ,  4 .9 ,  1 .9 ;  row 
2: 1 .2 ,  0 .78;  row 3: 0 .39 ,  X 1 0 ^  photons cm-  ̂ s - X̂
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( row 4 on F i g .  3 ) ,  c o n s id e r a b l e  changes in  response occur during the
f i r s t  minute or  so o f  i l l u m in a t i o n  ( l i g h t - a d a p t a t i o n ) : the lower
b orde r  o f  the dark c e n t r a l  band ( a f t e r p o t e n t i a l  remaining a f t e r  1 s 
o f  darkness)  r i s e s  and then f a l l s  accompanied by n e g a t i v e l y  c o r r e ­
l a t e d  changes in  the response ampli tude ( t h e  h e i g h t  o f  the c e n t r a l
b a n d ) ( s e e  mark A on F i g .  3 ) .  As the s t im u la t i o n  proceeds the lamina
t r a n s i e n t s  can be seen to d e c l i n e  p r o g r e s s i v e l y .  The l a t t e r  of  these  
e f f e c t s  i s  not true  l i g h t - a d a p t a t i o n :  the  lamina t r a n s i e n t s  were
r e s t o r e d  a f t e r  e i t h e r  p e r iod s  o f  cont inuous i l l u m in a t i o n  or  darkness; 
the  e f f e c t  i s  thus a kind o f  " f a t i g u e "  due to the f a c t  tha t  the l i g h t  
i s  f l a s h i n g .  When the f l a s h in g  st imulus i s  terminated the a f t e r p o t e n ­
t i a l  d e c l in e s  r a p i d l y ;  and a red st imulus 30 s l a t e r  induces no 
f u r t h e r  d e c l i n e  ( thus th e re  i s  no pro longed  a f t e r p o t e n t i a l ) .
C on t ra s t  the l i g h t - a d a p t a t i o n  descr ibed  in  the p rev ious  parag-
(rows 1 to  3 ) .  The st imulus regime r e s u l t i n g  in  these  records  was 
s i m i l a r  to tha t  d escr ibed  above except tha t  the f l a s h in g  s t imulus was
1 .2 ,  0 .78;  row 3: 0 .39,  X 1 0 ^  photons cm- 2 s ~ l ) .  Again l i g h t - a d a p ­
t a t i o n  i s  v i s i b l e ,  p a r t i c u l a r l y  on the second record  o f  row 2 (marked 
A ) ,  but a c om p le te ly  new component has appeared: b lue  ad ap ta t ion .  
B lu e -a d a p ta t io n  i s  v i s i b l e  in  the records  o f  F igu re  3 as ( a )  an 
a sym pto t i c ,  o r  o v e r s h oo t in g ,  r i s e  o f  the a f t e r p o t e n t i a l  ( t h e  lower  
borde r  o f  the dark c e n t r a l  band o f  the ERG) accompanied by (b )  a 
n e g a t i v e l y  c o r r e l a t e d  p r o g r e s s i v e  d e c l i n e  o f  response ampli tude and, 
i n  sequence, ( c )  the gradual  e l im in a t i o n  of  the lamina o f f - t r a n s i e n t  
(upper f r i n g e )  and (d )  the lamina o n - t r a n s i e n t  ( l o w e r  f r i n g e )  
f o l l o w e d  by ( e )  the appearance o f  a new c o r n e a l - n e g a t i v e  o n - t r a n s i e n t  
o f  s lower  speed, l a b e l l e d  T3 on the f i g u r e .  This  s low co rnea l
raph w i th  the adap ta t ion  v i s i b l e  on the remaining records  o f  F i g u r e  3
a b lue l i g h t  o f  a range o f  i n t e n s i t i e s  (row 1: 7.8 , row 2 :
n e g a t i v e  o n - t r a n s i e n t  i s  the sp ike  o f  the response  of  the c e n t r a l  
r e t i n u l a  c e l l s  R7 and R8 , i t  c o n s i s t e n t l y  becomes more prominent in  
the ERG when the p e r ip h e r a l  r e t i n u l a  c e l l s  R1-R6 are  b lue -adapted .
The a f t e r p o t e n t i a l  changes a s soc ia t ed  w i th  b lu e -a d a p ta t i o n  are  
p ro lon ged ,  f o r  in s tance  a PCNA i s  v i s i b l e  when the blue f l a s h in g  
l i g h t  i s  switched o f f  (rows 1 to  3 on F i g .  3 ) .  This  PCNA d e c l i n e s  
during o r  immediate ly  a f t e r  the second 1 0  s red s t imu lus .
The response  remaining a f t e r  b lu e -a d a p ta t i o n  ( s e e  i n s e t  B) i s  
monophasic.  This  and the s a tu r a t in g ,  o r  near s a tu r a t in g ,  PCNAs 
v i s i b l e  dur ing the 30 s dark pe r iod  f o l l o w in g  b lu e -a d a p ta t i o n  show 
th a t  R1-R6 a r e  almost c om p le te ly  unresponsive  a f t e r  the doses o f  b lue
l i g h t  a p p l i e d .  R esu l t s  p resented  in  chapter  4 show tha t  the PCNA may
s e t t l e  a t  l e v e l s  in t e rm e d ia t e  between the "dark -adap ted "  and " s a tu ra ­
t e d "  l e v e l s  o f  the ERG b a s e l i n e  when in t e r m e id i a t e  doses o f  blue
l i g h t  a re  d e l i v e r e d  to the eye .  Under those con d i t i on s  R1-R6 may
remain p a r t i a l l y  r e sp o n s iv e  during a PCNA.
Stark  (1975) r epo r t ed  th a t ,  o v e r  a wide range o f  i n t e n s i t i e s ,  the
qu an t i t y  o f  b lue  l i g h t  requ ired  to produce a c r i t e r i o n  change in  ERG
response  i s  independent o f  the i n t e n s i t y  o f  l i g h t  used. 1-fy data  are
in  agreement w i th  h is  f i n d i n g :  I  found a high c o r r e l a t i o n  between the
dura t ion  o f  the i l lu m in a to n  requ i red  to produce th re e  d i f f e r e n t
c r i t e r i o n  changes in  the ERG and the r e c i p r o c a l  o f  the blue l i g h t  
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/inducing the ad ap ta t ion .  C o r r e l a t i o n  c o e f f i c i e n t s  obta ined  us ing data  
from F igu re  3 and a r e p l i c a t e  w i th  the same p r ep a ra t i o n  are  tabu la ted  
in  Tab le  2. In  the exper im enta l  s i t u a t i o n  used, o f  the o rde r  o f
1 0 ^ 6  photons per  square c en t im e t re  are  requ ired  to produce a
s a tu ra t in g  PCNA.
The r e s u l t s  demonstrate  tha t  the c r i t i c a l  v a r i a b l e  determin ing
Table 2, Inverse correlations between intensity and duration 
of blue ligh t required to produce three criterion  
changes in ERG response.
Criterion
loss of lamina o ff-transient  
loss of lamina on-transient 
appearance of new on-transient
Label on Figure 3 ** df P
T1 0.99 12 *•0.01
T2 0.99 12 < 0.01
T3 0.96 10 <0.01
the e x t en t  o f  b lu e - a d a p ta t i o n  i s  the quan t i t y  o f  b lue  l i g h t  in  the 
s t im u lus .  Th is  im p l i e s  th a t  the p rog ress  o f  b lu e -a d a p ta t i o n  i s  
r e l a t e d  to a s imple photochemica l  c onvers ion  c r e a t in g  a product which 
has a l a r g e  dark-decay t im e -con s ta n t :  presumably the g e n e r a t i o n  of  
metarhodops in  M580 in  R1-R6 which behaves in  t h i s  way (H a r r i s  e t  a l . ,  
1976);  the t im e-cons tan t  r epo r t ed  f o r  the dark-decay  o f  M580 i s  about 
6 hours (Pak and L id in g t o n ,  1974).
3 .4 :  Orange-Adaptat ion  o f  Blue-Adapted Eyes
In  th i s  s e c t i o n  the behav iour  o f  the ERG dur ing o ran ge -ad ap ta t ion  of  
b lue -adap ted  eyes  i s  r e p o r t e d ,  i t  i s  presumed tha t  during orange-  
ad ap ta t io n  metarhodops in M580 i s  conver ted  back to rhodopsin R480 
( e . g .  H ar r is  e t  a l . ,  1976).
The th re e  types o f  i l l u m in a t i o n  reg ime descr ibed  in  the 
methods s e c t i o n  were  used to orange-adapt b lue-adapted  eyes .  The 
f o l l o w i n g  key p o in t s  emerge: ( a )  i n  each case the curve o f  a f t e r p o t e ­
n t i a l  d e c l i n e  i s  s igmoid ,  (b )  the  curve o f  r e co v e r y  o f  response 
ampli tude i s  a l so  s igmoid and f o l l o w s  a s i m i l a r ,  but m i r r o r  image, 
t ime course to the a f t e r p o t e n t i a l  d e c l i n e ,  ( c )  the response amplitude 
to  a f i x e d  i n t e n s i t y  s t imulus i s  n e g a t i v e l y  c o r r e l a t e d  w i th  the s i z e  
o f  the a f t e r p o t e n t i a l  and ( d )  p ro g re ss  a long the sigmoid curve of  
a f t e r p o t e n t i a l  d e c l i n e  i s  determined by the dose o f  orange l i g h t  
d e l i v e r e d  in  the adapting s t imulus  ( t im e  f o r  50% d e c l i n e  o f  a f t e r p o ­
t e n t i a l  i s  i n v e r s e l y  p r o p o r t i o n a l  to the i n t e n s i t y  o f  i l l u m in a t i o n  
used f o r  the a d a p t a t i o n ) .
F i g u r e  4 shows da ta  from an experiment in  which b lue-adapted  
eyes were orange-adapted w i th  cont inuous red l i g h t .  The i n t e n s i t y  o f  
red l i g h t  producing the changes v i s i b l e  in  curves  1, 2, 3, 4 and 5
F igures  4a and 4b: Changes in  the ERG o f  the b lue-adapted  eye as i t  
i s  orange-adapted by a cont inuous red l i g h t ;  4a shows measurements o f  
the response  ampl itude e l i c i t e d  by a w h i t e  t e s t f l a s h ;  4b i s  drawn 
from t r a c in g s  o f  the ERG b a s e l i n e :  the o r d in a t e  i s  measured r e l a t i v e  
to  the orange-adapted and dark-adapted l e v e l  o f  the b a s e l i n e .  The 
curves  thus show the r e s id u a l  a f t e r p o t e n t i a l .  The data p l o t t e d  was 
ob ta ined  using 5 i n t e n s i t i e s  o f  red l i g h t  to orange-adapt  the b lue -  
adapted eye .  The red i n t e n s i t i e s  r e s u l t i n g  i n  curves 1, 2, 3, 4 and 5 
were  23.2 ,  2 .32 ,  1.07,  0 .56 ,  0 .23,  X 1 0 ^  photons cm“ 2 s ~ l .  The
arrows on F ig u re  4b i n d i c a t e  tha t  an equal number of  photons has been 
d e l i v e r e d  to the p r e p a r a t i o n  when the d e c l i n e  of  the a f t e r p o t e n t i a l  
b e g in s .  (From o r i g i n a l  r e co rd in g s  by D. Cosens ) .
o
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was 23.2,  2 .32,  1 .07,  0 .56 and 0 .23,  X 1 0 ^  photons cm- 2 s“ l ,
r e s p e c t i v e l y .  F igu re  4a shows the response amplitude e l i c i t e d  by a 
cons tant  i n t e n s i t y  w h i t e  t e s t f l a s h  ( response  amplitude measured as 
shown in  i n s e t  c)  and F ig u re  4b was compiled from t r a c in g s  o f  the ERG 
b a s e l i n e ,  during the red i l l u m in a t i o n  in  each exper iment .  In  each 
case the red i l l u m in a t i o n  caused a d e c l i n e  o f  the ERG b a s e l i n e  
( a f t e r p o t e n t i a l )  a long  a s igmoid curve .  The f i n a l  l e v e l  o f  the 
b a s e l i n e  i s  e q u i v a l e n t  to the s t im u lu s -co in c id e n t  response from the 
orange-adapted  eye .  Curve 5 reached th i s  l e v e l  in  about 90 s .  The 
du ra t ion  o f  the adapting i l l u m in a t i o n  requ ired  f o r  50% o f  the 
observed d e c l i n e  o f  the a f t e r p o t e n t i a l  i s  i n v e r s e l y  c o r r e l a t e d  w i th  
i t s  i n t e n s i t y  ( r  = 0 .99 ,  d f  = 3, P<0.01 ) and, as can be seen from the 
f i g u r e ,  a f t e r p o t e n t i a l  and response ampli tude f o l l o w  a s i m i l a r  (but  
m i r r o r  image) curve ;  and they a r e  thus n e g a t i v e l y  c o r r e l a t e d .  The 
arrows on F igu re  4b i n d i c a t e  the d e l i v e r y  o f  an equal number of 
photons f o r  the r e s p e c t i v e  curves :  t h e i r  l o c a t i o n  w i th  r espec t  to the 
beg inn ing  o f  the d e c l i n e  o f  the a f t e r p o t e n t i a l  i l l u s t r a t e s  the 
importance o f  the dose o f  l on g -w ave len g th  l i g h t  in  determin ing  the 
p ro g re ss  o f  o ran g e -ad ap ta t io n .
F i g u r e  5 i s  a montage of  ERG r e co rd in g s  from a s e r i e s  of  
exper iments  using an orange a d a p t in g - f l a s h .  P r i o r  to each experiment 
the  eye was orange-adapted  and dark -adapted .  The i l l u m in a t i o n  se­
quence which r e su l t ed  in  the ERGs shown was: (a )  orange adap t ing -  
f l a s h  ( 1  s on, 1 s o f f )  a p p l i e d ,  then switched o f f ,  ( b )  1 0  s o f
in ten se  blue l i g h t  app l ied  and f o l l o w e d  by 30 s o f  darkness (n o t e  the 
PCNA in  the now b lue -adapted  e y e ) ,  ( c )  orange a d a p t in g - f l a s h  re -app­
l i e d  ( induc ing  the d e c l i n e  of  the a f t e r p o t e n t i a l  and r e co v e r y  o f  
response  ampli tude) and f i n a l l y  switched o f f .  The montage shows 
records  obta ined using a s e r i e s  o f  orange l i g h t  i n t e n s i t i e s :  row 1 :
F igu re  5: A montage o f  ERG r e co rd in g s  i l l u s t r a t i n g  o ran ge -ad ap ta t ion .  
Each record  shows in  sequence, the  resposne o f  the eye to (a )  an 
orange a d a p t in g - f l a s h  ( 1  s on: 1 s o f f ) ,  f o l l o w e d  by a b r i e f  dark 
p e r i o d ,  (b )  an in tense  10 s blue  s t imulus,  f o l l o w e d  by 30 s of  
darkness (n o t e  the PCNA in  the now b lue -adap ted  e y e ) ,  and ( c )  the 
r e - a p p l i e d  orange a d a p t in g - f l a s h .  The records  were obta ined us ing ten  
i n t e n s i t i e s  o f  orange a d a p t in g - f l a s h  (row 1: 6 .2 ,  4 .9 ,  3 .9 ,  3 .1 ;  row 
2: 1.49,  0 .99,  0 .6 ;  row 3: 0 .29 ,  0 .15;  row 4: 0 .05,  X 1 0 ^  photons 
cm-  ̂ s“ 1) .
Table 3* Regression slopes and correlation coefficients  
of response amplitude on afterpotential: 
data from F ig .5«
testflash  intensity  
10^5 photons cm“ s“ -̂
slope r P <
6.2 -0.81 -0.998 .01
4.9 -0.68 -0.996 .01
3.9 -0.74 -0.994 .01
3.1 -0.65 -0.993 .01
1.49 -0.63 -0.992 .01
0.99 -0.55 -0.987 .01
0.6 -0.51 -0.985 .01
0.29 -0.51 -0.957 .01
0.15 -0.45 -0.938 .01
0.05 -0.45 -0.957 .01
The slope of the regression approaches -1 , and more variance 
is  explained by linear correlation, as I t  increases-as predicted 
by the model.
Variance explained = r  .
5 to 25
6 .2 ,  4 .9 ,  3 .9 ,  3 .1 ;  row 2: 1 .49,  0 .99,  0 .6 ;  row 3: 0 .29,  0 .15;  row 4:
0 .05,  X 1015 photons cm- 2  s “ l .  The records  i l l u s t r a t e  aga in  ( a )  the 
s igmoid  d e c l i n e  o f  a f t e r p o t e n t i a l  and s igmoid  r e co v e r y  o f  response 
am pl i tude ,  (b )  the dependence o f  the r a t e  o f  these changes upon the 
i n t e n s i t y  o f  i l l u m in a t i o n  ( t im e  requ ired  f o r  50% o f  the observed 
d e c l i n e  in  a f t e r p o t e n t i a l  i s  i n v e r s e l y  c o r r e l a t e d  w i th  the orange 
a d a p t i n g - f l a s h  i n t e n s i t y :  r  = 0.994, d f  = 8 , P<0 .01 ) ,and  ( c )  the
n e g a t i v e  c o r r e l a t i o n  between the s i z e  of  the a f t e r p o t e n t i a l  and the 
response  ampli tude.  Th is  l a s t  c o r r e l a t i o n  becomes i n c r e a s i n g l y  c u r v i ­
l i n e a r  as the i n t e n s i t y  o f  the f l a s h e s  i s  reduced. A v e r y  dim f l a s h  
i s  not seen to in c r ea se  the response ampli tude u n t i l  the ERG 
a f t e r p o t e n t i a l  i s  s u b s t a n t i a l l y  reduced ( f o r  example see  the record  
i n  row 4 o f  F i g .  5 ) .  A p o s s i b l e  i n t e r p r e t a t i o n  o f  t h i s  i s  cons idered  
i n  the d is c u s s io n .  D e s p i t e  t h i s  e f f e c t ,  high l i n e a r  c o r r e l a t i o n s  
between a f t e r p o t e n t i a l  and response amplitude were  obta ined  from a l l  
o f  the records  in  F i g u re  5, w i th  no c o r r e l a t i o n  c o e f f i c i e n t  worse 
than r = “ 0.95 ( d f  = 5 to  25, P<0.01 ;  s ee  Tab le  3 ) .
F ig u re s  6 and 7 i l l u s t r a t e  the key p o in t s  o f  i n t e r e s t  in  th i s  
s e c t i o n .  Both o f  the f i g u r e s  a re  drawn from the same data  from 
exper iments  o f  the type shown in  F i g u re  5. Data f o r  two i n t e n s i t i e s  
o f  orange adapting — f l a s h  (180 ms on, 1,820 ms o f f )  have been 
p l o t t e d :  6.2 X 1 0 15  photons cm- 2  s “ 1 and one ten th  o f  t h i s .  F igu re  
6 shows the percen tage  change in  the a f t e r p o t e n t i a l  ( s o l i d  symbols)  
and the percen tage  change in  the response ampli tude (open symbols ) ,  
during the o ran ge -ad ap ta t io n ,  p l o t t e d  a g a in s t  the number o f  photons 
d e l i v e r e d  to the eye .  In  r e l a t i o n  to the time s c a l e  in  the o r i g i n a l  
exper iments ,  the time s c a l e  f o r  the curve o f  lower  i n t e n s i y  ( t r i a n g ­
l e s )  i s  compressed by a f a c t o r  o f  ten  compared w i th  tha t  o f  the 
h igh e r  i n t e n s i t y  ( c i r c l e s ) .  F igu re  7 i s  a graph of  the response
F igu re  6 : A graph showing the percen tage  change in  the ERG a f t e r p o t e ­
n t i a l  ( s o l i d  s y m b o l s ) , and the percentage  change in  the response
ampl itude to an orange a d a p t in g - f l a s h  (open symbols ) ,  dur ing  orange 
- a d a p ta t i o n  a g a in s t  the number o f  orange photons d e l i v e r e d  to a
blue-adipted eye .  The graph i s  d e r i v ed  from measurements o f  r eco rds  o f  
the type shown in  F i g u r e  5. Curves from experiments  using two
i n t e n s i t i e s  o f  a d a p t in g - f l a s h  a re  de f in ed  by the symbols: t r i a n g l e s :
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photons delivered (*1016 cm 2 )
F igu re  7: A graph o f  measurements o f  the response ampli tude a ga in s t
the  a f t e r p o t e n t i a l  from the  same records  tha t  were used to draw up 
F i g u r e  6 ( s o l i d  c i r c l e s :  6 .2 ;  open c i r c l e s :  0 .62,  X 1 0 ^  orange
photons cm- 2  s “ l ) .
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ampl i tude p l o t t e d  a g a in s t  the a f t e r p o t e n t i a l  ( s o l i d  c i r c l e s  = h igh e r  
i n t e n s i t y ,  open c i r c l e s  = l ow e r  i n t e n s i t y ) .  F igu re  6 c l e a r l y  demonst­
r a t e s  tha t  the d e c l i n e  o f  the a f t e r p o t e n t i a l  i s  c l o s e l y  dependent 
upon the quan t i t y  o f  orange l i g h t  d e l i v e r e d  to the eye (compare the 
curves  d e f in ed  by the s o l i d  sym bo ls ) ;  and tha t  the r e co v e r y  o f  the 
response  ampli tude c l o s e l y  f o l l o w s  the d e c l i n e  o f  the a f t e r p o t e n t i a l  
(compare the l i k e  sym bo ls ) .  Th is  c l o s e  correspondence becomes in c r e a ­
s i n g l y  d i s t o r t e d  as the t e s t f l a s h  i n t e n s i t y  i s  reduced. F igu re  7 
i l l u s t r a t e s  the n eg a t i v e  c o r r e l a t i o n  between the response amplitude 
and the a f t e r p o t e n t i a l ,  and demonstrates tha t  the s lope  o f  the 
r e l a t i o n s h i p  i s  dependent upon the i n t e n s i t y  o f  the t e s t f l a s h .  This  
f i g u r e  should be compared w i th  F igu re  2 which shows the s im i l a r  
c o r r e l a t i o n  observed during b lu e -a d a p ta t i o n .
The number o f  orange photons requ ired  to orange-adapt the eye 
i s  s im i l a r  to the number o f  blue photons which r e s u l t  in  f u l l  
b lu e -a d a p ta t i o n  ( a p p rox im a te ly  1 0 ^  photons cm- 2 ) .
The data  so f a r  p resented  show th a t  the s i z e  o f  the a f t e r p o t e ­
n t i a l  during blue and orange adap ta t ion  i s  s i g m o id a l l y  r e l a t e d  to the 
number o f  photons ( e i t h e r  b lue or orange ) tha t  have been absorbed by 
the  v i s u a l  pigment;  and sugges t  tha t  orange — a d ap ta t io n  simply 
r e v e r s e s  the p rocess  o f  b lu e - a d a p ta t i o n .  I t  i s  impl ied  tha t  b lue -ada­
p t a t i o n  i s  due to the accumulation of  the metarhodopsin M580j tha t  
o ran g e -ad ap ta t io n  i s  due to t h e .e l im in a t i o n  of  M580 and consequent 
r e g e n e r a t i o n  o f  rhodopsin R480, and tha t  the pro longed a f t e r p o t e n t i a l  
i s  c l o s e l y  r e l a t e d  to the com pos i t ion  of the v i s u a l  p igment .  The data 
f u r t h e r  show th a t  w h i l e  the PCNA i s  present  i t  i s  h ig h ly  n e g a t i v e l y  
c o r r e l a t e d  w i th  (d e t e rm ines? )  the  s i z e  o f  the response to a t e s t f ­
l a s h ,  and hence the s e n s i t i v i t y  o f  R I-R 6 .  Th is  r e l a t i o n s h ip  between 
response  amplitude and the a f t e r p o t e n t i a l  w i l l  be c a l l e d  the " a f t e r ­
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p o t e n t i a l  e f f e c t " .  I t  i s  f u r t h e r  in v e s t i g a t e d  in  the next s e c t i o n .
3 .5 :  ERG Measurements during Exposure o f  the Eye to Two A n ta g o n i s t i c
Wavelengths o f  L i g h t
C l a s s i c a l l y  the s e n s i t i v i t y  o f  a p h o to r ec ep to r  i s  reduced during 
i l l u m in a t i o n  w i th  a background l i g h t .  I t  should be c l e a r  from the 
p reced ing  r e s u l t s  ( e . g .  F i g .  4)  th a t  t h i s  i s  not the case in  
D rosoph i la  i f  a b lue-adapted  eye becomes orange-adapted by the 
background i l l u m in a t i o n .  We saw ( e . g .  F i g .  3) tha t  a shor t  wave leng th  
a d a p t i n g - f l a s h  induces a PCNA and a r edu c t ion  in  response amplitude 
to  the monophasic response  o f  the c e n t r a l  c e l l s  R7 and R8 ; F i g u r e  8 
d e s c r ib e s  the changes in  response amplitude which occur when an 
o range -adap t ing  background i s  added to such an a d a p t in g - f l a s h .  The 
da ta  on the f i g u r e  beg ins  w i th  the eye b lue-adapted  a t  the moment 
when the o range-adap t ing  background i s  added. Both l i g h t s  remained on 
throughout the experiment and the response amplitude p l o t t e d  i s  the 
response  o f  the eye to the short  — wave leng th  a d a p t in g - f l a s h .  The 
o n - t r a n s i e n t  o f  the monophasic response o f  the c e n t r a l  c e l l s  was 
i d e n t i f i a b l e  throughout these  experiments  in  th i s  p r ep a r a t i o n ,  a l l o w ­
ing  continuous assesment o f  the c o n t r ib u t i o n  of  these  c e l l s  to the 
ERG response  (open s y m b o ls ) . T h is  response b a r e l y  changes during the 
exper iments  and c l e a r l y  the c e n t r a l  c e l l s  are  b a r e l y  a f f e c t e d .  In 
c o n t r a s t ,  the t o t a l  response ( s o l i d  symbols) changes markedly,  and 
the response s i z e  in c r ea se s  during the l ong -wave leng th  i l l u m in a t i o n :  
presumably due to the e l i m i n a t i o n  o f  M580 and the r e g e n e r a t i o n  of 
R480 in  R1-R6. Curves f o r  th re e  i n t e n s i t i e s  o f  red background l i g h t  
a r e  shown (squares :  2 .3 ;  c i r c l e s :  0 .23 ;  t r i a n g l e s :  0.023, X 1 0 ^
photons cm- 2 s ~ l )  and i t  /s c l e a r  from the f i g u r e  tha t  the
m i t .  o~k ¡¿ 'L ic i's  fU i_ <xcyj<\ ( f b n  p  h
F igu re  8 : A graph showing the t im e-course  o f  the change in  the
response amplitude e l i c i t e d  by a g reen  a d a p t in g - f l a s h  (which par­
t i a l l y  b lue -adap ts  the eye )  when a red background i s  added. The 
s o l i d  symbols show measurements o f  the t o t a l  response amplitude w h i l e  
the open symbols show measurements b e l i e v e d  to correspond to the 
monophasic response o f  the c e n t r a l  c e l l s ,  which was s e p a r a t e l y  
measureable  in  th i s  p a r t i c u l a r  p r ep a r a t i o n  throughout the exper ime­
n t s .  Data obta ined us ing th r e e  i n t e n s i t i e s  o f  red background are  
p l o t t e d  in  the F i g u re  ( squares :  2 .3 ;  c i r c l e s :  0 .23;  t r i a n g l e s :  0.023,  
X 1016  red photons c m “ 2  s- l ) .  (From exper iments  by D. Cosens ) .
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i s  a t t a in e d  I S  dependent on the i n t e n s i t y  o f  red i l l u m in a t i o n :  a
r e s u l t  which i s  c o n s i s t e n t  w i th  the id ea  tha t  the change in  
s e n s i t i v i t y  i s  r e l a t e d  to a photochemica l  change.
The r e s u l t s  o f  F i g u re  8 cou ld  r e a d i l y  be in t e r p r e t e d  as
i n d i c a t i n g  th a t  the response ampl itude from, and hence s e n s i t i v i t y  
o f ,  R1-R6 i s  determined e n t i r e l y  by the c on c en t ra t i on  o f  rhodopsin 
R480 p res en t  in  these  c e l l s  f o l l o w i n g  photochemical c onvers ion  of  
metarhodops in M580 by red l i g h t .  I t  p roves ,  however ,  th a t  t h i s  cannot 
be the whole s t o r y  f o r ,  as b e f o r e ,  the a f t e r p o t e n t i a l  e f f e c t  i s  
o p e r a t in g .  F i g u re  9 demonstrates  th i s  by p l o t t i n g  data (mean + 95% 
c on f id en ce  l i m i t s ,  n = 1 0 ) on the a f t e r p o t e n t i a l  ( squares )  and the 
response  ampl itude ( c i r c l e s )  from exper iments  s im i l a r  to that desc­
r ib ed  in  F i g u r e  8 . The a f t e r p o t e n t i a l  e f f e c t ,  the n e g a t i v e  c o r r e l a ­
t i o n  between the a f t e r p o t e n t i a l  and the response ampli tude,  i s
apparent from the f i g u r e  ( r  = -0 .9 7 ,  d f  = 7, P<0 .01 ) .
In  these  exper iments  a blue a d a p t in g - f l a s h  ( 8  X 1 0 ^  photons 
cm“ 2 s - l )  and an orange cont inuous background o f  f i v e  i n t e n s i t i e s  was 
used ( F i g .  9 b ) ,  o r  the b lue a d a p t in g - f l a s h  was used a lone  ( F i g s .  9a, 
9 c ) .  F igu re  9a shows measurements from an orange-adapted ,  and 10 min 
dark-adapted eye .  At the o r i g i n  of  the f i g u r e  the mean va lue  o f  the 
dark-adapted a f t e r p o t e n t i a l  i s  shown; the response ampli tude e l i c i t e d  
by the f i r s t  b lue f l a s h  was 20.7 .mV. Mean measurements o f  the f i r s t  
t en  responses  to the blue adap t ing— f l a s h ,  and of  ten resposes  when 
the response had come to e q u i l i b r iu m  (eye  b lue -adap ted )  a r e  p l o t t e d .  
Measurements made 1 min a f t e r  an orange background had been added to 
the blue a d a p t in g - f l a s h  i l l u m in a t in g  a b lue-adapted  eye are  p l o t t e d  
in  F igu re  9b. As the i n t e n s i t y  o f  the orange l i g h t  in c rea ses  th e re  i s
an in c rea se  in  the response ampli tude and a r edu c t ion  in  the s i z e  of
F igu re  9: A f t e r p o t e n t i a l  (measured from the orange-adapted ,  dark-ada­
pted l e v e l  o f  the ERG b a s e l i n e )  and response amplitude e l i c i t e d  by a 
b lue a d a p t in g - f l a s h  ( 8  X 1 0 ^  photons cm“  ̂ s - l ) ,  9a o f  the f i r s t  10 
responses  to the blue a d a p t in g - f l a s h  and 1 0  responses when the eye 
was b lue -adap ted ,  9b 1 min a f t e r  an orange background l i g h t  was added 
to the f l a s h in g  b lue l i g h t ,  and 9c i d e n t i c a l  to 9a except f o r  the 
p r i o r  ad ap ta t ion .  The da ta  p l o t t e d  in  9c was obta ined  from the ERG o f  
the eye immed iate ly  a f t e r  the orange/b lue mix ing experiment a t  the 
maximum orange i n t e n s i t y .  Mean va lues  (+  95% con f id en ce  l i m i t s ,  n = 
1 0 ) o f  measurements o f  the a f t e r p o t e n t i a l  ( squares )  and the response 
ampl itude ( c i r c l e s )  a r e  p l o t t e d  in  the f i g u r e .  The orange i n t e n s i t i e s  
in  par t  9b are  r e l a t i v e  to 2.2 X 1 0 ^  photons cm“ 2 s " l .
*°9 1 o ra n g e
the  a f t e r p o t e n t i a l .  At the maximum i n t e n s i t y  o f  the orange l i g h t  the 
measured a f t e r p o t e n t i a l  r i s e s  due to the s t im u lu s - co in c id e n t  cornea l  
n e g a t i v e  response o f  the e y e ,  and the response  amplitude e l i c i t e d  by 
the  a d a p t in g - f l a s h  f a l l s .  ( T h i s  o b s e r v a t i o n  i s  t y p i c a l  o f  observa­
t i o n s  o f  response  ampl itude and a f t e r p o t e n t i a l  when, say , an orange 
background i s  added to an orange t e s t f l a s h ) .  The measurements o f  
response  ampl itude and a f t e r p o t e n t i a l  a t  t h i s  i n t e n s i t y  f a l l  on the 
same r e g r e s s i o n  l i n e  as the remaining data from F i g u r e  9, which 
s t r o n g l y  sugges ts  tha t  the a f t e r p o t e n t i a l  i s  a primary determinant  of  
response  ampli tude and hence o f  s e n s i t i v i t y .
F i g u r e  9c shows measurements obta ined under i d e n t i c a l  e x p e r i ­
mental c on d i t i o n s  to those o f  F i g u r e  9a except  in  r e sp ec t  o f  the 
p r i o r  a d ap ta t io n  o f  the eye .  F i g u re  9a shows data  from the eye a f t e r  
10 minutes o f  darkness  f o l l o w i n g  o ran ge -ad ap ta t ion :  F igu re  9c shows 
da ta  obta ined  from the eye immediate ly  a f t e r  the b lue/orange  mix ing 
exper iment a t  the maximum i n t e n s i t y  o f  orange i l l u m in a t i o n ;  the  eye 
shows a marked r e s i s t a n c e  to b lu e -a d a p ta t i o n ,  as measured by the mean 
response  ampl itude and a f t e r p o t e n t i a l  of  the f i r s t  ten responses to 
the b lue adapting — f l a s h  (compare F i g s .  9a and 9 c ) ;  e v e n t u a l l y ,  
however,  the  eye becomes b lue -adap ted  in  the usual way.
T h is  r e s i s t a n c e  to b lue  adap ta t ion  corresponds s u p e r f i c i a l l y
to  s i m i l a r  obse rva t ion s  o f  the behav iour  o f  the Balanus and Limulus
p rep a ra t ion s  (H ochs te in  e t  a l . ,  1973; Minke e t  a l  1973b) f o r  i t
»
decays a s y m p to t i c a l l y  w i th  t ime,  sugges t ing  the a c t i o n  o f  " i n h i b i t o ­
r s " .  However,  i n  Drosoph i l a  the r e s i s t a n c e  i s  not abso lu te  as appears 
to  be the case in  the o th e r  s p e c i e s ,  and determines on ly  the quan t i t y  
o f  s h o r t -w a ve len g th  l i g h t  which i s  requ ired  to b lue -adap t  the eye .
3 .6 :  Dark Changes in  the ERG o f  F u l l y  Blue-adapted Eyes
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The independence o f  the dark d e c l i n e  o f  the PDA from the dark-decay 
o f  metarhodops in ,  observed  in  the Balanus and Limulus p repara t ions  
p r e v i o u s l y  d esc r ib ed  (H ochs te in  e t  a l ,  1973; Minke e t  a l . ,  1973b),  
p ro v id ed  c r u c i a l  e v id en ce  f o r  the " e x c i t o r - i n h i b i t o r "  model o f  
pho to t ran sdu c t ion  in  these  s p e c i e s .  The d e c l i n e  o f  the PCNA in  the 
f u l l y  b lue-adapted  Drosoph i l a  eye i s  so p ro t r a c t ed  tha t  i t  i s  
d i f f i c u l t  to make a cont inuous re co rd in g  o f  i t  b e f o r e  ( a )  the 
p r e p a r a t i o n  d ies  ( a f t e r  s e v e r a l  hours) o r  ( b )  apparen t ly  spurious 
d r i f t i n g  o f  p o t e n t i a l  ( e i t h e r  in  the f l y  o r  in  the r eco rd ing  
equipment)  i s  g r e a t e r  than the e f f e c t  we are  t r y in g  to  obse rve .  Dark 
r e c o v e r y  from b lu e -a d a p ta t i o n  was t h e r e f o r e  f o l l o w e d  by m on i to r ing  
the response  o f  the eye to th ree  dim green  t e s t f l a s h e s  a t  v a r i o u s  
i n t e r v a l s  a f t e r  b lu e - a d a p ta t i o n .  This  method immediate ly  d e t e c t s  
problem " a "  as i t  a r i s e s ,  and l a r g e l y  overcomes problem " b " ;  the 
a f t e r p o t e n t i a l  s i z e  can then be assessed a t  the p o in t s  where the eye 
was subsequent ly  o range-adapted .
F i g u r e  10 r e p o r t s  d a ta  obta ined  us ing experiments  o f  the type 
d es c r ib ed  above.  F igu re  10a shows the t ime-course  o f  the r e co v e r y  o f  
the  response  ampli tude e l i c i t e d  by the t e s t f l a s h  (as  a percentage  o f  
the  i n i t i a l ,  p r e - b lu e ,  dark-adapted  response s i z e )  a f t e r  b lue -adap ta ­
t i o n  ( c i r c l e s )  and orange-adapta ton  ( s q u a r e s ) .  These measurements 
were  taken from the reco rds  o f  the experiment which i s  a lso  the 
source  o f  the data  r epresen ted  by the s o l i d  squares on F i g u r e  10b. 
Th is  f i g u r e  shows long - te rm  changes in  response amplitude a f t e r  
b lu e - a d a p ta t i o n .  In  t h i s  case the response amplitude i s  c a l c u la t ed  
f rom ( r a  -  r a b )/ ( r a 0  -  r a b ) , and expressed as a p e rcen tage .  In  th i s  
e qu a t ion ,  r a  = the measured response ampl i tude;  rab = the response 
ampli tude 1 min a f t e r  b lu e -a d a p ta t i o n ;  and raO = the i n i t i a l ,
F igu re  10a: Short term changes in  response amplitude as a percentage  
o f  the p re -b lue  response ampl i tude,  raO) a f t e r  blue and orange 
i l l u m in a t i o n .  Long term changes from the same experiment are  r ep r es e ­
nted by squares on F i g .  10b. The squares show response amplitudes 
measured a f t e r  the orange i l l u m in a t i o n  o v e r s i z e  squares)  on F i g .  10b; 
The c i r c l e s  show measurements made a f t e r  blue i l l u m in a t i o n  ( o v e r s i z e  
c i r c l e s )  on F i g .  10b. The data  represented  by s o l i d  symbols c o r r e s ­
ponds to the even ts  shown on F i g .  10b; the open symbols show data  
from events  1 0  hours from the beg inning o f  t h i s  experiment :  the 
s i m i l a r i t y  o f  t ime-courses  a f t e r  long pe r iods  in  the b lue-adapted  
s t a t e  i s  s t r i k i n g .
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F ig u re  10b: The percen tage  change in  response amplitude occurr ing
dur ing  long p e r iods  o f  darkness f o l l o w in g  b lu e -a d a p ta t i o n .  The 
o v e r s i z e  squares show measurements made 1 min a f t e r  an in ten se  long 
wave leng th  s t imu lus ;  o v e r s i z e  c i r c l e s  in d i c a t e  measurements made 1 
min a f t e r  an in tense  short  wave leng th  s t imulus .  In  c a l c u l a t i n g  the 
da ta  p l o t t e d  on t h i s  graph the response ampli tude measured 1 min 
a f t e r  the i n i t i a l  b lu e -a d a p ta t i o n  was sub trac ted ;  the r e cov e r y  o f  
response  ampl itude p l o t t e d  on th i s  f i g u r e  i s  b e l i e v e d ,  t h e r e f o r e ,  to 
show the r e c o v e r y  o f  R1-R6 from b lu e -a d a p ta t i o n .
p r e - b lu e ,  dark-adapted  response  ampl i tude:  thus the changes p l o t t e d  
on the f i g u r e  exc lude the r e co v e r y  during the  f i r s t  minute a f t e r  blue 
adap ta ton .  The e a r l y  p o r t i o n  o f  the r e co v e r y  i s  b e l i e v e d  to be due to 
d a rk -a d a p ta t i o n  o f  the c e n t r a l  c e l l s ,  w h i l e  the subsequent r e co v e r y  
i s  l a r g e l y  r e c o v e r y  o f  R1-R6. I t  i s  c l e a r  from F ig u re  10a tha t  a f t e r  
b lu e - a d a p ta t i o n  ( c i r c l e s )  the r e co v e r y  o f  the monophasic response i s  
near  i t s  asymptote  w i t h in  1 min ( r a b )  and tha t  the shape o f  the 
r e c o v e r y  curve  i s  s i m i l a r  a f t e r  each o f  the b lue -ad ap t in g  s t im u l i  
( i n d i c a t e d  by o v e r s i z e  c i r c l e s  on F i g .  10b);  s i m i l a r l y  the r e co v e r y  
o f  the orange-adapted  response ( squares )  f o l l o w i n g  long — wave leng th  
i l l u m in a t i o n  ( i n d i c a t e d  by o v e r s i z e  squares on F i g .  10b) i s  unchan­
ged.  The open symbols on F ig u re  10a p l o t  data  obta ined 10 hours a f t e r  
the  b eg inn ing  o f  the exper iment .
F i g u r e  10b shows the percen tage  o f  r e co v e r y  o f  the response 
ampli tude in  darkness f o l l o w i n g  b lu e - a d a ta t i o n ,  exc lud ing  the r e c o ­
v e r y  o c c u r r in g  in  the f i r s t  minute ( s e e  F i g .  10a ) .  Data from f i v e  
exper iments  o f  d i f f e r e n t  d u ra t i o n  a re  p l o t t e d  on the graph;  in  each 
case  r e co v e r y  i s  v e r y  s low.  At present  i t  i s  not p o s s ib l e  to s t a t e  
whether the d i f f e r e n c e s  between the curves a r e  due to ( a )  experime­
n ta l  d i f f e r e n c e s  ( th e  f a s t e r  r e co v e r in g  p rep a ra t ion s  -  c i r c l e s  and 
open t r i a n g l e s  -  m ight have been due to s t ra y  l i g h t  reach ing  the 
p r e p a r a t i o n ,  caus ing p h o t i c  r e g e n e ra t i o n  o f  rhodopsin R480),  ( b )
" r e a l "  d i f f e r e n c e s  in  r e co v e r y  r a t e s  between f l i e s ,  o r  ( c )  d i f f e r e ­
nces in  the amount o f  metarhodopsin M580 accumulated during the 
b lu e - a d a p ta t i o n ;  i f  t h i s  l a s t  i s  the case ,  and l e s s  M580 was p resent  
i n  the f l i e s  producing the f a s t e r  r e c o v e r in g  curves ,  then i t  i s  c l e a r  
th a t  the r e covey  o f  the response amplitude f o l l o w s  a sigmoid 
t im e-cou rse .  The f o l l o w i n g  p o in t s  emerge unambiguously from F ig u r e  
1 0 b, (a )  the  r e co v e r y  o f  the response amplitude e l i c i t e d  by a f i x e d
i n t e n s i t y  s t imulus i s  ex t rem e ly  s low (hours )  and t h i s  t im e-course  i s  
o f  the same magnitude as tha t  repo r ted  f o r  the dark-decay o f  
metarhodops in  M580 in  D rosoph i la  ( 6  h: Pak and l i d i n g t o n ,  1974),  (b )  
l o n g -w a ve l en g th  l i g h t  r e s t o r e s  the response s i z e  a t  any s tage  o f  dark 
r e c o v e r y  ( i n d i c a t e d  by o v e r s i z e  squares on F i g .  10b; s ee  a lso  F i g .  
1 0 a ) ,  ( c )  sh o r t -w a ve l en g th  l i g h t  reduces the response s i z e  to the 
b lue -adap ted  l e v e l  e i t h e r  a f t e r  long p e r iod s  o f  darkness  f o l l o w in g  
b lu e - a d a p ta t i o n  o r  f o l l o w i n g  orange adap ta t ion  ( th e  responses f o l l o ­
wing sh o r t -w a ve l en g th  adapt ing  s t im u l i  a r e  marked by o v e r s i z e  squares 
on F i g .  1 0 b ) .
These data  i n d i c a t e  a c l o s e  r e l a t i o n s h ip  between the s t a t e  o f  
b lue/orange  a d ap ta t io n  o f  the eye (measured by the response  to the 
t e s t f l a s h )  and the v i s u a l  pigment com pos i t ion  o f  R1-R6. The s i z e  o f  
the  a f t e r p o t e n t i a l  was assessed a t  the t imes when the eye was 
sw i tched  out o f  the b lue -adap ted  s t a t e  ( o v e r s i z e  squares on F i g .  
10b);  a l though the o v e r a l l  s i z e  o f  the ERG response  was sometimes 
reduced a f t e r  long p e r i o d s  o f  b lu e - a d a p ta t i o n ,  a c l e a r  r edu c t io n  in  
the s i z e  o f  the a f t e r p o t e n t i a l  was observed a f t e r  the l on g -w ave len g th  
a d a p ta t i o n  and the response ampli tude and the s i z e  o f  the a f t e r p o t e n ­
t i a l  were ,  a g a in ,  h i g h l y  n e g a t i v e l y  c o r r e l a t e d :  i t  i s  concluded tha t  
the PCNA has a d u ra t ion  o f  s e v e r a l  hours and tha t  i t s  magnitude can 
be p r e d i c t e d  from the response  ampli tude data  in  F i gu re  10b.
T h is  f i n d in g  in  w h i t e - ey ed  Drosoph i la  c on t ra s t s  sha rp ly  w i th  
the  behav iour  o f  the PDA r epo r t ed  in  the Balanus and Limulus 
p r ep a r a t i o n s  (R oc h s t e in  e t  a l . ,  1973; Minke e t  a l . ,  1973b). The data 
con f i rms  tha t  the decay o f  D rosoph i la  metarhodopsin 11580 (Pak and 
L id in g t o n ,  1974) and the r e co v e r y  o f  ERG s e n s i t i v i t y  a f t e r  b lue -adap­
t a t i o n  (Cosens and B r i s c o e ,  1972) a r e  processes  tha t  r e q u i r e  s e v e r a l  
hours,  and demonstrate tha t  the d e c l i n e  o f  the ERG a f t e r p o t e n t i a l
runs in  p a r a l l e l  w i th  these  p roce ss e s .  Minke e t  a l .  (1975) a lso
r e p o r t  tha t  the PCNA and the PDA observed  in  Drosoph i l a  may l a s t  
s e v e r a l  hours. Thus in  D r o s o p h i l a , where both  i n t r a c e l l u l a r  (PDA: 
Minke e t  a l . ,  1975) and e x t r a c e l l u l a r  (PCNA: t h i s  chapter  and Minke 
e t  a l . ,  1975) e v id en ce  o f  transmembrane a f t e r p o t e n t i a l s  in  R1-R6 
e x i s t s ,  i t  i s  c l e a r  tha t  measurements o f  s e n s i t i v i t y  may be b iased  by 
the  a f t e r p o t e n t i a l  e f f e c t ,  even  s e v e r a l  hours a f t e r  s p e c t r a l  adapta­
t i o n .
4: DISCUSSION
The data  p resented  in  the r e s u l t s  s e c t i o n  make i t  c l e a r  tha t  the 
b lue/orange  adapting behav iour  o f  R1-R6 in  w h i t e -eyed  Drosoph i la  
( judged  from the ERG e v id en c e )  d i f f e r s  from the s p e c t r a l  adap ta t ion  
behav iour  o f  Balanus l a t e r a l  o c e l l i  and Limulus median eye ( i n t r a c e l ­
l u l a r  data :  Hochste in  e t  a l . ,  1973; Minke e t  a l . ,  1973b).  The i r  are
a l s o  some d i f f e r e n c e s  between the Drosoph i l a  data  presented and the
re p o r t e d  behaviour o f  R1-R6 in  C a l l i p h o r a ,  the o th e r  f l y  in  which 
PDAs have been repo r ted  ( i n t r a c e l l u l a r  r e co rd in g s :  M u i j s e r  e t  a l . ,
1975) .  As in  the Balanus and Limulus p r ep a r a t i o n s ,  c e r t a i n  s p e c i f i c  
h i s t o r i e s  o f  s p e c t r a l  a d ap ta t io n  appear to be p r e - r e q u i s i t e s  i f  a PDA 
i s  to be observed :  the s p e c i f i c  nature  o f  these  h i s t o r i e s  argues in 
fa vou r  o f  the " e x c i t o r - i n h i b i t o r "  model o f  v i s u a l  e x c i t a t i o n  app ly ing  
i n  C a l l i p h o r a  (M u i j s e r  e t  a l . , 1975).
I  have found no e v id en ce ,  i n  Drosoph i l a , o f  s t a t e s  o f  the eye 
from which b lu e -a d a p ta t i o n  w i l l  not a r i s e  g i v e n  a s u f f i c i e n t  blue 
s t imu lus :  PCNAs f o l l o w  a l a r g e  b lue st imulus (a )  s h o r t l y  a f t e r  orange 
r e c o v e r y  from b lu e -a d a p ta t i o n  ( F i g s .  1, 9c,  10a, 10b),  (b )  s h o r t l y
a f t e r  an orange pulse  d e l i v e r e d  to an orange-adapted eye ( F i g s .  3 and
5 ) ,  ( c )  a f t e r  long p e r iod s  o f  darkness f o l l o w i n g  b lu e -a d a p ta t i o n
( F i g s .  10a and 10b),  ( d )  a f t e r  p a r t i a l  r e co v e r y  from p a r t i a l
b lu e - a d a p ta t i o n  ( i . e .  b lu e - a d a p ta t i o n  i s  cumulat iv e :  F i g s .  1, 2 and 
3)  and ( e )  10 min a f t e r  o ran ge -ad ap ta t ion  ( F i g .  9 a ) .  There  are  
q u a n t i t a t i v e  d i f f e r e n c e s  in  the amount o f  b lue  l i g h t  requ ired  to 
produce a c r i t e r i o n  change in  the ERG (compare F i g .  9a w i th  F i g .  9b ) .  
Except in  " o l d "  p r ep a r a t i o n s  (where  a l l  aspec ts  o f  the behav iour  o f  
the  ERG a r e  slowed down) I  have found no s ta t e s  o f  the eye in  which 
orange  r e co v e r y  from b lu e -a d a p ta t i o n  i s  not p o s s i b l e .
W h i le  the ev id en ce  presented  f a i l s  to c o r r o b o r a t e  the hypot­
h e s i s  tha t  an " e x c i t o r - i n h i b i t o r "  i n t e r a c t i o n  un d e r l i e s  v i s u a l  e x c i ­
t a t i o n  and the a f t e r p o t e n t i a l  mechanism in  R1-R6 in  Drosoph i l a  i t  i s  
unable to r e f u t e  the model.
4 .1 :  The E l e c t r o p h y s i o l o g i c a l  Behaviour o f  R1-R6 in  White-Eyed
Drosoph i l a
A schemat ic  d e s c r i p t i o n  o f  the bas ic  f ea tues  o f  the e l e c t r o p h y s i o  l o ­
g i c a l  behav iour  o f  R1-R6 o f  Drosoph i l a  i s  g i v e n  in  F i g u re  11. The 
d e s c r i p t i o n  i s  based on the w ave leng th -  s p e c i f i c  e f f e c t s  on the r a t e  
o f  d a r k - d e c l in e  o f  the a f t e r p o t e n t i a l  f o l l o w i n g  a s t imu lus .  The ERG 
f a s t  d e c l in g  response i s  tha t  assayed by s e n s i t i v i t y  measurements and 
i s  maximally s e n s i t i v e  in  the green  r e g i o n  o f  the spectrum (w a ve l e ­
ngth  maximum around 490 nm: Cosens and W r igh t ,  1975; Minke e t  a l . ,  
1975).  The ERG s l o w - d e c l in in g  response (PCNA and PDA, i . e .  the 
response  a s soc ia t ed  w i th  b lue  adap ta t ion )  i s  most s e n s i t i v e  to blue 
l i g h t  (w ave leng th  maximum around 460 nm) and i s  most r e a d i l y  r e v e r s ed  










F ig u re  11: A schematic  d e s c r i p t i o n  of  the e l e c t r o p h y s i o l o g i c a l
response  of  R1-R6 in  w h i t e - e yed  D r o s o p h i l a . See t e x t  f o r  d i s cu ss ion .
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A much g r e a t e r  number o f  photons i s  requ ired  f o r  complete  
b lu e - a d a p ta t i o n  than i s  requ ired  to s a tu ra t e  the r e cep to rs  w i th  g reen  
l i g h t  ( e . g .  s e e  F i g .  3 ) .
The t r a n s i t i o n  between the f a s t  and s low d e c l i n in g  responses  
i s  not c l e a r l y  understood.  I t  i s  examined in  chapter  4. Th is  chapter  
i s  concerned w i th  the s l o w - d e c l in in g  response in  the f u l l y  b lue -ada­
pted  eye .
There  i s  a s t r i k i n g  s i m i l a r i t y  between the data  a s soc ia t ed  
w i th  b lu e - a d a p ta t i o n  which was obta ined  us ing e x t r a c e l l u l a r  e l e c t ­
rodes  ( e . g .  F i g .  1 i n  Cosens and W r igh t ,  1975; F i g .  1 in  Minke e t  
a l . ,  1975) and tha t  obta ined  using i n t r a c e l l u l a r  e l e c t r o d e s  presumed 
to  be in  R1-R6 ( F i g .  1 i n  Minke e t  a l . ,  1975);  and a lso  between the 
i n t e r p r e t a t i o n s  o f  these  phenomena (ERG ev id en ce  based on s p e c t r a l  
s e n s i t i v i t y  measurements:  Cosens and W r igh t ,  1975; ERG ev id en ce  based 
on data  from m orpho log ica l  mutants repo r ted  in  H arr is  e t  a l . , 1976: 
S ta rk ,  1975; ERG ev id en ce  and i n t r a c e l l u l a r  r e co rd in g s :  Minke e t  a l . ,
1975) .  These s i m i l a r i t i e s  s t r o n g l y  suggest  tha t  both  re co rd in g  
techn iques  y i e l d  measures o f  the same transmembrane even ts  occurr ing  
a c ross  the membranes o f  R1-R6.
A c o n s id e r a b l e  amount o f  e v id ence  i s  accumulating which 
i n d i c a t e s  th a t  the l i g h t  induced d e p o l a r i s a t i o n  o f  i n v e r t e b r a t e  
p h o to r ec ep to rs  i s  caused by an i n f l u x  o f  sodium ions which r e s u l t s  
from a l i g h t -  induced in c r ea se  in  the p e r m e a b i l i t y  to t h i s  ion  across  
the  transducing membrane ( e . g .  s e e  W u l f f  e t  a l . ,  1975 f o r  r e f e r e n c e s  
to  work on Limulus ) . In a d d i t i o n ,  Brown and Cornwal l  (1975) have 
r e c e n t l y  shown tha t  the PDA observed  in  the Balanus p ho to recep to rs  i s  
accompanied by p r o l o n g a t i o n  o f  such l i g h t - in d u c e d  p e r m e a b i l i t y  to 
sodium. Th is  e v id ence  n a t u r a l l y  le ads  to the hypo thes is  tha t  a PDA 
r e s u l t s  from the f a i l u r e  o f  membrane conductance channels to c l o s e
f o l l o w i n g  the metarhodops in g e n e ra t in g  s t imu lus .  On th i s  i n t e r p r e t a ­
t i o n  the f a s t  and s low d e c l i n e  o f  the transmembrane a f t e r p o t e n t i a l  
( v i s u a l i s e d  in  the ERG o r  in  i n t r a c e l l u l a r  r e co rd in g s )  must r e f l e c t  
d i f f e r e n c e s  i n  the r a t e  o f  c l o s u r e  o f  these  channels .
A conven ien t  e x p la n a t i o n  o f  these  d i f f e r e n c e s  in  the r a t e  o f  
d a r k - c l o s u r e  o f  the conductance channels (and hence an e xp lan a t i o n  
o f  both t ran sduc t ion  and the PDA) may be cons tructed  from the 
" e x c i t o r - i n h i b i t o r "  hypo thes is  proposed to e x p la in  the PDA observed  
i n  Balanus and Limulus (H ochs te in  e t  a l . ,  1973; Minke e t  a l . ,  1973b) 
and th e r e  a r e ,  i n  a d d i t i o n  t h e o r e t i c a l  reasons f o r  b e l i e v i n g  tha t  
t r a n s m i t t e r s  o f  some kind are  in vo lv ed  in  the e x c i t a t i o n  o f  i n v e r t e b ­
r a t e ,  rhabdomer ic ,  p h o t o r e c e p to r  membranes ( f o r  a r e v i ew  see  Cone,
1973).  However, as I  have noted b e f o r e ,  the p resen t  data  on the PCNA 
i n  Drosoph i l a  p rov id es  no e v id ence  which co r robo ra te s  the " e x c i t o r -  
i n h i b i t o r "  model in  R1-R6 o f  D r o s o p h i l a . The p r i n c i p l e  p o in t  o f  
d ep a r tu re  between the behav iour  o f  R1-R6 in  Drosoph i la  and of  the 
Balanus and Limulus p rep a ra t ion s  i s  the absence o f  an obv ious 
d i s p a r i t y  between the d a r k - d e c l i n e  o f  the PCNA o f  a f u l l y  b lue -ada ­
pted  eye and the i n f e r r e d  changes in  the v i s u a l  pigment com pos i t ion .
The data  presented  here  ( F i g .  10b and t e x t )  con f irm tha t  the 
b lue -adap ted  s t a t e  p e r s i s t s  f o r  s e v e r a l  hours in  Drosoph i la  ( s e n s i t i ­
v i t y  da ta  from the ERG: Cosens and B r i s c o e ,  1972; d u ra t i o n  o f  PCNA
and PDA: Minke e t  a l . ,  1975) .  The d ura t ion  o f  the PCNA/PDA in
D rosoph i la  R1-R6 c o n t r a s t s  markedly w i th  the b r e v i t y  o f  the PDAs 
r e p o r t e d  in  o the r  s p e c i e s .  The f a c t  tha t  l a r g e  a f t e r p o t e n t i a l s  a r e  
measurable  s e v e r a l  hours a f t e r  b lu e -a d a p ta t i o n  and tha t  a f u r t h e r  
b lue  s t imulus w i l l  aga in  b lue -adap t  the eye o f  Drosph i l a  ( i . e .  reduce 
the response  amplitude and in c r ea se  the s i z e  o f  the PCNA: F i g .  10b
and t e x t )  argues tha t  the d e c l i n e  o f  the a f t e r p o t e n t i a l  in  th i s
s p e c i e s  accompanies the decay o f  metarhodopsin M580, o r ,  a l t e r n a t i ­
v e l y  tha t  i t  proceeds more s l o w ly  than the changes in  the v i s u a l  
pigment com pos i t ion .  The l a t t e r  o f  these  p o s s i b i l i t i e s  i s  u n l i k e l y  
s in c e  an orange st imulus w i l l  orange-adapt the eye ( i . e .  e l im in a t e  
the PCNA and r e s t o r e  the s i z e  o f  the response ampl i tude:  F i g .  10b and 
t e x t )  even a f t e r  the eye has been in  the b lue-adapted  s t a t e  f o r  
s e v e r a l  hours.
The data  presented  thus con f i rm the long t im e-cons tan t  f o r  the 
dark-decay  o f  metarhodops in M580 in  R1-R6 o f  D rosoph i la  ( 6  h: Pak and 
L id in g t o n ,  1974) and a l l  the e v idence  in d i c a t e s  tha t  in  t h i s  spec ie s  
the  d e c l i n e  o f  the PCNA and PDA i s  dependent upon the decay o f  M580. 
I t  f o l l o w s  tha t  th e re  i s  a component o f  the membrane conductance ( t o  
sodium?) o f  R1-R6 which i s  c o r r e l a t e d  w i th  the number o f  m o lecu les  o f  
metarhodops in M580 which a r e  p resen t  in  the r e c e p t o r  membranes o f
these  c e l l s .
The hypothes is  advanced h e r e ,  th a t  th e re  i s  a component o f  the 
membrane conductance o f  R1-R6 o f  Drosoph i l a  which i s  c o r r e l a t e d  w i t h  
the number o f  M580 molecu les  in  the r e c e p to r  membranes, i s  supported 
by the f o l l o w i n g  a d d i t i o n a l  e v id en ce .
1. The phenomena o f  b lue and orange adap ta t ion  a r e  o v e r t  in
w h i t e - eyed  Drosoph i la  (Cosens and B r i s c o e ,  1972; Cosens and W r igh t ,
1975; S ta rk ,  1975; Minke e t  a l . , .  1975) but not r e a d i l y  observed  in  
the red-eyed  w i l d t y p e  (Cosens and B r i s c o e ,  1972).  In v i v o  and in
v i t r o  s tud ies  o f  the v i s u a l  pigments o f  wh i te -eyed  Drosoph i la  r e v e a l  
tha t  blue l i g h t  causes the p roduc t ion  o f  metarhodopsin M580 w h i l e  
orange l i g h t  e l im in a t e s  M580 and regenera tes  rhodopsin R480 (Os troy  
e t  a l . ,  1974; Pak and L i d in g t o n ,  1974; H ar r is  e t  a l . ,  1976):  s i m i l a r
convers ions  have not been r e p l i c a t e d  in  red-eyed  w i ld t y p e  f l i e s .  The
reason  f o r  t h i s  i s  presumably tha t  e x t e n s i v e  R to  M c o n v e r s io n  i s  
p reven ted  in  the w i l d t y p e  by the red sc reen ing  pigments  (Cosens and 
B r i s c o e ,  1972).  In f a c t  the PCNA can be r e p l i c a t e d  in  w i ld t y p e  
D rosoph i la  using "whole  f i e l d "  i l l u m in a t i o n  which presumably a l low s  R 
to  M con v e r s io n  to occur in  most o f  the ommatidia o f  the eye ( c h a p t e r  
5 ) .
2. The e f f e c t s  o f  b lue  and orange adap ta t ion  are  cumulative  ( F i g s .  1,
2, 3, 4, 5, 8  and 9)  as a r e  the accumulation (us ing  blue l i g h t )  and
the e l im in a t i o n  (us ing  orange l i g h t )  o f  M580 in  wh i t e -eyed  Drosoph i l a  
(H a r r i s  e t  a l . ,  1976).
3. White -eyed  Drosoph i l a  w i th  a reduced amount o f  v i s u a l  pigment show 
reduced PCNAs (S ta rk  and Zitzmann, 1976).  A s i m i l a r  f i n d in g  in  
r e s p e c t  o f  the PDA i s  v i s i b l e  in  the records  from C a l l ip h o  ra (Razmjoo 
and Hamdorf, 1976).  Stark  and Zitzmann (1976) p la c e  a d i f f e r e n t  
i n t e r p r e t a t i o n  upon t h e i r  r e s u l t ,  they argue tha t  the "b lo ck ag e  o f  
the  i n a c t i v a t i o n  o f  R1-R6 by v i t a m in  A d e p r i v a t i o n "  i s  e v id en ce  f o r  
the presence  o f  " e x c i t o r s "  and " i n h i b i t o r s " .  New ev id en ce  presented  
in  chapter  4 c a s t s  doubt on th i s  i n t e r p r e t a t i o n ,  and t h e i r  r e s u l t  
r e p r e s en t s  s trong  c o r r o b o r a t i o n  o f  the present  model.
The p resen t  "M 580 -co r r e la ted  coduc.tance" model of  the a f t e r p o t e n t i a l  
need not c o n f l i c t  w i th  the " e x c i t o r - i n h i b i t o r "  model but does not 
c a l l  upon i t s  many unquant i f i ed  parameters .  I t  has the c l e a r  
advantage tha t  i s  i s  e x p e r im e n ta l l y  t e s t a b l e  because i t s  v a r i a b l e s  
a r e  b i o p h y s i c a l l y  d e f in e d .  The present  model does, however,  imply  
th a t  " e x c i t o r s " ,  i f  p r e s e n t ,  have a l i f e t i m e  exceed ing  tha t  o f  
metarhodops in s t a t e  o f  the v i s u a l  p igment .  That i s ,  they have a time
cons tant  o f  decay o f  s e v e r a l  hours, o r  a l t e r n a t i v e l y ,  th a t  " e x c i t o r s "  
l a t c h  open c e r t a i n  conductance channels which remain open u n t i l  they 
a r e  "un la tched "  by " i n h i b i t o r s " .  App ly ing  the ru l e  o f  parsimony, and 
bea r in g  in  mind the r e cen t  e v id ence  o f  an " o p s i n - s i g n a l "  a s soc ia t ed  
w i th  bov in e  v i s u a l  pigment (Monta l e t  a l . ,  1977) and the "metarhodop-  
s i n - s i g n a l "  i n  R1-R6 o f  Drosoph i l a  ( s e e  chapter  1; Wong e t  a l . ,
1976),  the va lue  o f  the " e x c i t o r - i n h i b i t o r "  model i n  d e s c r ib in g  the 
b io p h y s i c s  o f  R1-R6 in  Drosop h i l a  i s  s e r i o u s l y  c a l l e d  in to  qu es t ion .
Whatever  the in t e r v e n in g  mechanism, the p e r s i s t e n t  conductance 
in c r e a s e  a s soc ia t ed  w i th  the presence  o f  the metarhodops in M580, and 
the r e s u l t a n t  r edu c t io n  in  response  amplitude ( t h e  a f t e r p o t e n t i a l  
e f f e c t :  F i g s .  2, 7 and t e x t )  may account f o r  the " su p re s s io n "  o f  
rhodops in  by metarhodopsin  repo r ted  in  C a l l i p h o  ra (Razmjoo and 
Hamdorf, 1976).  Th is  hypo thes is  i s  t e s ted  in  chapter  3 using Razmjoo 
and Hamdorf 's data .  The a n a l y s i s  shows tha t  t h e i r  data  v i o l a t e s  the 
assumption upon which t h e i r  model i s  b u i l t .  Furthermore the q u a l i t a ­
t i v e  and q u a n t i t a t i v e  na ture  o f  the v i o l a t i o n  i s  c o n s i s t e n t  w i th  the 
a f t e r p o t e n t i a l  hypothes is  advanced here .
4 .2 :  I n t e r p r e t i n g  the A f t e r p o t e n t i a l  E f f e c t
The i n t e r p r e t a t i o n  o f  the observed c o r r e l a t i o n s  between the response 
ampl itude and the s i z e  o f  the ERG a f t e r p o t e n t i a l  ( F i g s .  2 and 7) 
depends on what e x a c t l y  the ERG i s  measuring. I f ,  as has a l r ea dy  been 
sugges ted ,  the changes v i s i b l e  in  the ERG o f  wh i te -eyed  Drosop h i l a  
dur ing  b lue and orange ad ap ta t ion  r e f l e c t  even ts  occurr ing  ac ross  the 
membranes o f  R1-R6, then c a l c u l a t i o n s  using the type o f  analogue o f  
the  transducing membrane descr ibed  by Shaw (1968) should account f o r  
the a f t e r p o t e n t i a l  e f f e c t .  Shaw's type o f  analogue has gained
co n s id e r a b l e  r e sp e c t  in  the i n t e r p r e t a t i o n  o f  i n t r a c e l l u l a r  data  
( e . g .  s e e  Laugh l in ,  1975) but does not seem to have been app l i ed  to 
ERG d a ta .  The m od i f i ed  model used ( s e e  next s e c t i o n )  assumes tha t  the 
l i g h t  induced conductance to sodium ac ross  the transducing membrane 
i s  p r o p o r t i o n a l  to a power fu n c t i o n  o f  l i g h t  i n t e n s i t y .  As w i th  the 
o r i g i n a l  model,  a sigmoid r e l a t i o n s h i p  between transmembrane poten­
t i a l  and the lo ga r i th m  o f  the i n t e n s i t y  o f  the st imulus i s  p red ic t ed  
( e . g .  Shaw, 1968).  On the assumption tha t  the a f t e r p o t e n t i a l  can be 
accounted f o r  by an " a f t e r p o t e n t i a l  e q u i v a l e n t  s t im u lus " ,  c a l c u l a ­
t i o n s  w i th  the model r e v e a l  an expected  c u r v i l i n e a r  n e g a t i v e  c o r r e l a ­
t i o n  between the response  to a f i x e d  i n t e n s i t y  st imulus and the 
a f t e r p o t e n t i a l  a s soc ia t ed  w i t h  an independent source o f  conductance, 
and tha t  t h i s  r e l a t i o n s h i p  becomes i n c r e a s in g l y  l i n e a r  as the 
i n t e n s i t y  o f  the st imulus i s  in c rea sed .  This  i s  the r e l a t i o n s h ip  
r e p o r t ed  in  the r e s u l t s  s e c t i o n  ( e . g .  s ee  F i g .  5 and accompanying 
t e x t ) .  I t  a lso  f o l l o w s ,  d i r e c t l y  from the model tha t  an expon en t ia l  
d e c l i n e  o f  conductance r e s u l t s  in  a sigmoid d e c l i n e  in  the a f t e r p o t e ­
n t i a l :  in  the r e s u l t s  s e c t i o n  a sigmoid d e c l in in g  a f t e r p o t e n t i a l  was 
observed  when the metarhodops in M580 was e x p o n e n t i a l l y  e l im in a ted  
( F i g s .  4, 5, 6 ) .  I t  appears tha t  in  w h i t e - eyed  Drosoph i l a  (where  the 
r e t i n u l a  c e l l s  o f  a l l  o f  the ommatidia tend to respond in  con ce r t )  
the membrane analogue w i l l  d e s c r ib e  data  from the ERG as i t  does da ta  
from i n t r a c e l l u l a r  r e co rd in g s  (Shaw, 1968; Laugh l in ,  1975).  I t  i s  
im p l i ed  th a t ,  a t  l e a s t  in  the p a r t i c u l a r  exper imenta l  s i t u a t i o n  o f  
b lue/orange  ad ap ta t ion ,  the ERG o f  wh i te -eyed  Drosoph i l a  i s  r e v e a l i n g  
even ts  which occur across  the transducing membrane o f  p h o to r e c ep to r  
c e l l s .
4 .3 :  A Model o f  the A f t e r p o t e n t i a l
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The inpu t-ou tpu t  equa t ion  f o r  sensory r e c e p to r s  i s  g i v e n  by L i p e t z  
(1969) as
V/Vmax = x / ( x  +  1) (eqn. 4 .3 -1 )
where x = ( I / s i g m a )n and sigma i s  the va lue  o f  I  when V/Vmax = 0.5
This  r e la t o n s h ip  between input and output can be obta ined from 
a model sensory  r e c e p t o r  such as tha t  shown in  F i g u r e  12. The model 
works on the assumption tha t  l i g h t  i n t e n s i t y  I  modulates the va lue  of 
the sodium conductance gNa. The equa t ion  f o r  the v o l t a g e  output of  
t h i s  model i s
V/Vmax = (Vm -  E k )/ (ENa -  Ek) = x / ( x  + 1) (eqn. 4 .3 -2 )
where x = gNa/gk ( s e e  Shaw, 1968; Naka and Rushton, 1966)
In  o rd e r  to make th i s  model match w i th  the mathematical
d e s c r i p t i o n  g i v e n  by L i p e t z ,  i t  i s  necessary  to put
gNa = ( I  / s igm a )11/gK
I t  i s  most conven ien t  to use equa t ion  1 in  the f a m i l i a r  form
V/Vmax = I n/ ( I n + sigma11) (eqn. 4 .3 -3 )
In  the p rev ious  s e c t i o n  i t  was assumed tha t  an a f t e r p o t e n t i a l
was due to a component o f  sodium conductance as i s  the st imulus
F ig u re  12: A model o f  the membrane o f  a sensory r e c e p t o r  used by Naka 
and Rushton (1966 ) ,  Shaw (1968) and others  which i s  adopted here  as a 
model o f  R1-R6 in  D rosop h i la .  The model i s  d e r i v ed  from the p a r a l l e l  
conductance model o f  the axon (Hodgkin, 1964) and i s  f u l l y  descr ibed  
in  the tex tbooks  ( e . g .  K u f f l e r  and N i c h o l l s ,  1976, Junge, 1976).
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c o in c id e n t  response .  I f  th i s  i s  the case,  then an a f t e r p o t e n t i a l  can 
be cons idered  to be due to an " a f t e r p o t e n t i a l  e q u i v a l e n t  s t imu lus "  
( l a )  and i t s  v o l t a g e  can be represented  simply as Va. I f  the 
i n t e n s i t y  o f  the r e a l  t e s t f l a s h  st imulus i s  des ignated  I t  and the 
response amplitude by V t ,  then the TOTAL v o l t a g e  response i s  V = (Vt 
+ V a ) , and the TOTAL " e f f e c t i v e "  s t imulus i s  I  = ( I t  + l a ) .
Th is  summation of  two component v o l t a g e s  to g i v e  a t o t a l  
v o l t a g e ,  and two component s t im u l i  to g i v e  a t o t a l  s t imulus,  i s  
s i m i l a r  to the trea tment used by Laugh l in  (1975) f o r  " a d a p t in g "  and 
" t e s t "  s t i m u l i .  In the case o f  a f t e r p o t e n t i a l s ,  an imaginary adapting 
l i g h t  l a  can be assumed. The d i f f e r e n c e  between the p resen t  treatment 
and tha t  o f  Laugh l in  -  apar t  from the in c lu s i o n  o f  the parameter  n 
which proves  to have important consequences -  i s  tha t  here  account i s  
taken o f  the f a c t  that the two v o l t a g e s  Va and Vt are  s e p a r a t e l y  
e x p e r im e n ta l l y  measurable .  Laugh l in  (1975) always lumped these  toge ­
th e r  in  o rde r  to s i m p l i f y  the c h a r a c t e r i s a t i o n  of  the r e c e p to r .  His 
method r e l i e s  on the u n f a i l i n g  use o f  accura te  d . c .  r e co rd in g s  which 
a r e  r a r e l y  a v a i l a b l e .
Equation 3 can be rearranged to express  Vt/Vmax as a fu n c t i o n  
o f  Va/Vmax. F igu re  13 which p l o t s  s o lu t i o n s  to t h i s  equa t ion  
demonstrates  tha t  the r e l a t i o n s h ip  i s  a fu n c t io n  of  I t ,  as found 
e x p e r im e n ta l l y .
Tab le  3 demonstrates  tha t  the exper imenta l  data conforms q u i t e  
w e l l  w i t h  the p r e d i c t i o n s  o f  the model.  The s lope  of  the r e g r e s s i o n  
approaches - 1 , and more v a r i a n c e  i s  exp la ined  as the i n t e n s i t y  o f  the 
t e s t f l a s h ,  I t ,  i s  in creased .
Comparison o f  the two graphs in  F igu re  13 i n d i c a t e s  the 
unexpected r e s u l t  tha t  the parameter  n in f lu en c es  the r e l a t i o n s h ip  
between response amplitude and a f t e r p o t e n t i a l .  F ly  pho to recep to rs
F igu re  13: Response amplitude (V t )  i s  p l o t t e d  as a fu n c t i o n  o f  the
a f t e r p o t e n t i a l  (Va) accord ing  to  the model o f  equat ion  4 .3 -3  assuming 
th a t  the a f t e r p o t e n t i a l  i s  due to an e q u iv a l e n t  st imulus l a  ca lcu ­
l a t e d  from t h i s  equa t ion .  Response amplitude and a f t e r p o t e n t i a l  are  
expressed  as f r a c t i o n s  of  Vmax. I t  was assumed in  the c a l c u l a t i o n  
th a t  n and sigma do not v a r y .  The two graphs show r e s u l t s  obtained 
f o r  two va lues  o f  n: n = 1 and n = 0 .5 .  The fu n c t i o n  on each graph i s  
p l o t t e d  f o r  ten  va lues  of  the response amplitude when the a f t e r p o t e ­
n t i a l  i s  z e ro .  The model p r e d i c t s  a n eg a t i v e  c o r r e l a t i o n  between 
response  amplitude and a f t e r p o t e n t i a l  and that the s lope  o f  the 
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have, an n-va lue  o f  about 0.5 ( e . g .  Dr osop h i l a : Minlce e t  a l . ,  1975; 
C a l l i p h o r a : chapter  3 ) .
4 .4 :  The Design of  the V isu a l  Pigment System in  R1-R6 o f  D rosoph i la
F i g u r e  14 shows the e q u i l i b r iu m  va lue  f o r  the f r a c t i o n  o f  the v i s u a l  
pigment in  the rhodopsin s t a t e  as a fu n c t io n  o f  the r a t i o  k l/d ,  
c a l c u l a t e d  from equa t ion  3.1-1 g i v e n  a t  the beg inning o f  the r e s u l t s  
s e c t i o n .  The parameter i s  the r a t i o  k2/kl ,  which depends upon the 
w ave leng th  o f  l i g h t .  The f i g u r e  shows tha t  when k l  and k2 a r e  l e s s  
than O.OOld the f r a c t i o n  o f  v i s u a l  pigment in  the rhodopsin s t a t e  
neve r  goes be low 0.98.  That i s ,  a h igh va lue  o f  rhodopsin concentra­
t i o n  i s  maintained under a l l  l i g h t i n g  c o n d i t i o n s .  On the o the r  hand, 
when k l  i s  g r e a t e r  than lOOd, the rhodopsin f r a c t i o n  i s  determined 
a lm ost  e n t i r e l y  by the r a t i o  k 2 /kl and hence by the wave leng th  o f  
i l l u m in a t i o n .  In  Drosoph i la  R1-R6 d i s  ex t remely  smal l  (1/6 hours- ! )  
which means tha t  the rhodopsin f r a c t i o n  i s  normal ly  determined by the 
s p e c t r a l  h i s t o r y  o f  each c e l l .
I t  i s  u sua l l y  argued (Cosens and B r i s c o e ,  1972; Cosens and 
W r igh t ,  1975) th a t  the red s c reen ing  pigments between the ommatidia 
o f  w i ld t y p e  D rosoph i la  favour the e l im in a t i o n  o f  metarhodopsin and 
push the rhodopsin f r a c t i o n  towards 1. However, the d -va lue  in  
D rosoph i la  i s  an order  of magnitude sm a l le r  than tha t  of  o th e r  
i n v e r t e b r a t e  spec ie s  (S tavenga ,  1975) which suggests  tha t  the smal l  
Drosoph i l a  d -va lue  may have been s e l e c t e d  f o r .  The on ly  obv ious  
s e l e c t i v e  advantage of  a smal l  d -va lue  would seem to be some 
consequence o f  the f a c t  tha t  the rhodopsin f r a c t i o n  becomes a 
f u n c t i o n  of  the s p e c t r a l  h i s t o r y  o f  each c e l l .  Because the r e s t in g  
p o t e n t i a l  o f  R1-R6 depends on the quan t i t y  o f  metarhodopsin p resent
F igu re  14: The f i g u r e  shows the f r a c t i o n  o f  v i s u a l  pigment in  the
rhodopsin  s t a t e  when e q u i l i b r iu m  i s  reached w i th  the in c id e n t  l i g h t .  
The rhodopsin f r a c t i o n  (n r )  was c a l c u la t e d  us ing equa t ion  3.1-1 and 
the f i g u r e  shows the i n t e r a c t i o n  of  the wave leng th  and the i n t e n s i t y  
o f  l i g h t  in  t h e i r  e f f e c t  on nr.  The parameter k2/kl i s  wave leng th  
dependent but independent o f  i n t e n s i t y .  The X -ax is  r ep r esen ts  the 
lo ga r i th m  of  the i n t e n s i t y  o f  l i g h t .  The s ca l e  i s  drawn in  u n i t s  o f  
k l/ d .  That i s ,  z e ro  on the s ca l e  corresponds to tha t  i n t e n s i t y  of  
l i g h t  a t  which the forward r e a c t i o n  R to M i s  e x a c t l y  balanced by the 
dark r e a c t i o n  M to R.
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i n  the membranes o f  R1-R6, and the change in  r e s t i n g  p o t e n t i a l  a l t e r s  
the  behaviour o f  the c e l l s ,  the rhodopsin f r a c t i o n  has a d i r e c t  input 
to  the p e r ip h e r a l  nervous system. Hence each c e l l  con ta ins  in forma­
t i o n  about i t s  p rev ious  h i s t o r y .
The des ign  o f  the v i s u a l  pigment system in  R1-R6 o f  Drosoph i l a  
may thus r ep resen t  a compromise between ( 1 ) the mainta inance o f  a 
h igh  rhodopsin f r a c t i o n  l e ad in g  to high s e n s i t i v i t y  and ( 2 ) the 
mainta inance  o f  a m o lecu la r  and neura l c o r r e l a t e  o f  the p rev ious  
h i s t o r y  o f  the c e l l ,  w i th  the a t tendant  p o s s i b i l i t y  o f  ad ap t i v e  
b eh av io u ra l  m o d i f i c a t i o n .
I f  t h i s  hypo thes is  i s  to be co r robo ra ted  th ree  c on d i t i o n s  must 
be f u l f i l l e d
1. The w i l d t y p e  p ho to recep to rs  must be shown to behave l i k e  those in  
the w h i t e - e y ed  mutant.
2. Behav ioura l  consequences o f  the change in  r e s t in g  p o t e n t i a l  of  
R1-R6 must be demonstrated in  w i ld t y p e  f l i e s .
3. These b ehav ioura l  consequences must be shown to be ad a p t i v e .
The f i r s t  two o f  these  c on d i t i o n s  a re  examined in  chapter  5 ,
CHAPTER 3
THE EFFECT OF AFTERPOTENTIALS ON V-LOG I  CURVES
1: INTRODUCTION
In chapter  2 the e f f e c t  o f  a f t e r p o t e n t i a l s  upon the behav iour  of  
sensory  r e c e p to r s  was examined t h e o r e t i c a l l y  and e x p e r im e n ta l l y  using 
the ERG o f  wh i t e -eyed  D r o s o p h i l a . I t  was found e x p e r im e n ta l l y  tha t  
t h e r e  i s  a n e g a t i v e  c o r r e l a t i o n  between the s i z e  o f  the a f t e r p o t e n ­
t i a l  and the response ampl i tude.  Th is  behaviour was found to be a 
p ro p e r t y  o f  a g e n e r a l i s e d  model o f  the r e c e p t o r  c e l l  membrane. No 
p rev iou s  r e p o r t  has cons idered  the e f f e c t  o f  membrane p o t e n t i a l  upon 
the response  ampli tude but a b o r t i v e  at tempts  have been made to 
c o r r e l a t e  membrane p o t e n t i a l  w i t h  " s e n s i t i v i t y "  ( e . g .  Fein and DeVoe,
1974).  " S e n s i t i v i t y "  i n  t h i s  case was d e f in ed  as the in v e r s e  o f  the 
amount o f  l i g h t  requ ired  to e l i c i t  a c r i t e r i o n  response increment.  
Th is  " s e n s i t i v i t y "  parameter  i s  obta ined  by p l o t t i n g  the response 
ampli tude a g a in s t  the l o ga r i th m  o f  the st imulus i n t e n s i t y ,  the 
a f t e r p o t e n t i a l  being ignored ( e . g .  Bamdorf and Schwemer, 1975; 
Razmjoo and Hamdorf, 1976).
T h is  chapter  s imulates  the e f f e c t  o f  a f t e r p o t e n t i a l s  upon the 
c l a s s i c  V - lo g  I  cu rve .  Three  methods o f  p l o t t i n g  the r e s u l t s  a r e  
used. These correspond to methods used in  the l i t e r a t u r e  f o r  p l o t t i n g  
exper im enta l  data :  ( 1 ) w i th  the a f t e r p o t e n t i a l  inc luded ;  ( 2 ) w i th  the 
a f t e r p o t e n t i a l  ignored  or  ove r looked  ( e . g .  Fe in  and DeVoe, 1974; 
Razmjoo and Hamdorf, 1976);  (3 )  w i th  the a f t e r p o t e n t i a l  ignored  and 
a l l  curves "n o rm a l i s ed "  to  a common range on the V - a x i s .  Y e t  another  
a l t e r n a t i v e  has been o f f e r e d  by Laugh l in  (1975 ) .
The s imulated r e s u l t s  a re  compared w i th  a s t a t i s t i c a l  a n a l y s i s  
o f  data from R1-R6 o f  C a l l i p h o r a  which has been used by i t s  
c o l l e c t o r s  to propose the e x i s t e n c e  o f  a mo lecu lar  i n t e r a c t i o n  
between rhodopsin  and metarhodopsin when the c on c en t ra t i on  o f  m eta r-
hodopsin i s  high (Razmjoo and Hamdorf, 1976).  The a n a ly s i s  shows tha t  
the assumptions o f  Razmjoo and Hamdorf are  v i o l a t e d ,  t h e i r  model thus 
f a l l s .  The i r  data  i s  shown to be c o n s i s t en t  w i th  an over looked  
m e ta rh od ops in -co r r e la ted  a f t e r p o t e n t i a l .
2: METHODS
2.1: S t a t i s t i c a l  A n a ly s i s
S e le c ted  data from F igu re  3a of  Razmjoo and Hamdorf (1976) was f i t t e d  
to the equat ion
V/Vmax = I n/ ( I n + sigma11) (eqn. 4 .3 -3 :  chap te r  2)
using the method of  Newton-Gauss i t e r a t i o n s  (program BMDP3R: BUD 
Manual, 1975).  Th is  method f i t s  parameters to a user s p e c i f i e d  
d i f f e r e n t i a b l e  fu n c t i o n  such as eqa t ion  4 .3 -3 .  I t  i s  a l e a s t  squares 
n o n - l in e a r  r e g r e s s i o n  method.
2 .1 -S imula t ion
So lu t ions  to the equa t ion  above were  p l o t t e d  assuming V = (V t  +  Va) 
and I  = ( I t  + l a )  as in  chapter  2. The equat ion  was so lved  f o r  ten  
va lues  of  Va and two va lues  o f  n. The curves were p lo t ed  in  the th ree  
formats  mentioned in  the in t r o d u c t i o n  using a Hew le t t  Packard 9820 
c a l c u l a t o r  and a graph p l o t t e r  p e r ip h e r a l .
3: RESULTS
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3 .1 :  S t a t i s t i c a l  A n a ly s i s
F igu re  1 shows the data taken from F ig u re  3a o f  Razmjoo and Hamdorf 
(1976 ) .  The two curves were obta ined  from l i v e r - f e d  (h igh  v i s u a l  
p igment )  cha lky -eyed  C a l l i p h o r a . The s o l i d  c i r c l e s  show da ta  from the 
f l y  a f t e r  r e d -a d a p ta t i o n  when the rhodopsin f r a c t i o n  was maximal: nr
= 1. The open c i r c l e s  show da ta  from the same f l y  a f t e r  b lu e -ad ap ta -
t i o n  when nr was approx im ate ly  0.2 (Razmjoo and Hamdorf, 1976).  
Accord ing  to Razmjoo and Hamdorf the curves d e f in ed  by the two s e t s  
o f  c i r c l e s  a r e  p a r a l l e l ,  t h a t  o f  the b lue-adapted  s t a t e  s h i f t e d  along 
the l o g  I  a x i s  by 7.2 u n i t s  o f  I .  They use th i s  s h i f t  in  the 
i n t e n s i t y  o f  l i g h t  requ ired  to e l i c i t  an equ iv a l e n t  v o l t a g e  response 
as a d e f i n i t i o n  o f  a change in  " s e n s i t i v i t y " ,  which, using equa t ion  
1 , corresponds to a change in  the parameter sigma i f  the curves a re  
p a r a l l e i .
The " s e n s i t i v i t y "  h ypo th es is  o f  Hamdorf and Schwemer (1975) 
s t a t e s  tha t  " s e n s i t i v i t y "  i s  d i r e c t l y  p r o p o r t i o n a l  to the quan t i t y  o f  
rhodopsin  p resent  ( o r  in  th i s  case n r ) .  The " s e n s i t i v i t y "  s h i f t  
p r e d i c t e d  i s  thus approx im ate ly  4. Razmjoo and Hamdorf (1976) found a 
" s e n s i t i v i t y "  s h i f t  o f  4.6 i n  hear t  fed  ( low  v i s u a l  pigment)  
C a l l i phora which they argue i s  in  agreement w i th  the p r ed i c t e d  va lue  
o f  4. The c l e a r  d i sc repancy  in  the l i v e r - f e d  (h igh  v i s u a l  pigment )  
f l y ,  the argue, i s  due to an a d d i t i o n a l  " s e n s i t i v i t y "  s h i f t  found 
on ly  when l a r g e  q u a n t i t i e s  o f  metarhodopsin are  p resent  r e s u l t i n g  in
"  a l o s s  o f  e f f e c t i v i t y  o f  h a l f  o f  the e x c i t e d  rhodopsin
m o l e c u l e s " .
T he i r  e xp lan a t io n  i s  p l a i n l y  ad h oc . The need f o r  i t  r e s t s  on 
the v a l i d i t y  o f  t h e i r  s ta ted  assumpton tha t  the two V - lo g  I  curves  
a r e  p a r a l l e l .  Th is  assumption i s  t e s ted  be low.
F igu re  1: Data r e p l o t t e d  from Razmjoo and Hamdorf (1976; F i g u re  3 a ) .  
The curves show the response amplitude ( r a )  a g a in s t  the loga r i thm  of 
the  st imulus i n t e n s i t y  ( l o g  I )  from v i tam in  A enr iched  C a l l i phora 
( i n t r a c e l l u l a r  r e co rd ings  from R1-R6).  S o l id  c i r c l e s :  da ta  from red-  
adapted f l y  w i th  rhodopsin con cen t ra t ion  maximal (n r  = 1 ) .  Open 
c i r c l e s :  data  from b lue-adapted  f l y  w i th  nr = 0 .2 .  Razmjoo and
Hamdorf s t a t e  tha t  the curves d e f in ed  by the two s e t s  o f  p o in t s  are  
p a r a l l e l  but s h i f t e d  in  s e n s i t i v i t y  by a f a c t o r  o f  7 .2 .  The data i s  
s t a t i s t i c a l l y  analysed to t e s t  these a s s e r t i o n s  in  t h i s  chapter .
Log I
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I f  the p o in t s  on F ig u re  I f a l l  on p a r a l l e l  curves equat ions  o f  the 
form o f  eqn. 4 .3 -3  f i t t e d  to the p o in t s  w i l l  d i f f e r  on ly  in  the 
parameter sigma ( s e e  chapter  1 F i g .  3 ) .  The r e s u l t s  o f  the s t a t i s ­
t i c a l  a n a l y s i s  a re  g i v e n  in  Tab le  1. For both s e t s  o f  p o in t s  the 
v a r i a n c e  exp la ined  by the r e g r e s s i o n  i s  g r e a t e r  than 9 9 % showing tha t  
the equaion used adaquate ly  d e s c r ib e s  the data .  However, the Tab le  
shows r e s u l t s  c on t ra ry  to the i n t e r p r e t a t i o n  o f  Razmjoo and Hamdorf: 
a l l  th ree  parameters ,  Vmax, n and sigma are  s i g n i f i c a n t l y  d i f f e n t  
between the t rea tments .
The a n a l y s i s  shows tha t  con ve rs ion  o f  80% o f  the v i s u a l  pigment in  
R1-R6 o f  C a l l i p h o r a  r e s u l t s  in
(1 )  a r ed u c t io n  o f  Vmax,
( 2 ) an in c r ea se  in  n and
( 3 )  an in c r ea se  in  sigma.
I t  should be po in ted  out tha t  the method used by Razmjoo and Hamdorf
ignored  the presence  o f  a f t e r p o t e n t i a l s ,  th a t  i s ,  i t  was not p o s s ib l e  
to  determ ine  whether or not a f t e r p o t e n t i a l s  were  p resent  (Razmjoo, 
pe rsona l  communicat ion) .  Thus the apparent change in  Vmax repor ted  
here  m igh t ,  in  f a c t ,  be due to an a f t e r p o t e n t i a l .  R1-R6 in  C a l l i p h o r a  
a r e  sub jec t  to a d e p o l a r i s i n g  a f t e r p o t e n t i a l  a f t e r  b lu e -a d a p ta t i o n  
(M u i j s e r  e t  a l . ,  1975; Razmjoo and Hamdorf, 1976) but i t s  e x t en t  and 
d u ra t ion  are  un cer ta in  a t  p r e s e n t .  The next  s e c t i o n  s imula tes  the
e f f e c t s  o f  a f t e r p o t e n t i a l s  upon V - l o g  I  curves  such as those  in
F igu re  1 and shows tha t  the parameter changes observed in  the 
C a l l i p h o r a  data  (T a b l e  1) may be e n t i r e l y  due to an a f t e r p o t e n t i a l .
Table 1. Parameter values of the equation V/Vmax =» i n/ ( i n + <j*n) 
fitted  to the data from Calliphora
 ̂ red-adapted; nr = 1 
df = 6 t-value
Ymax = 44.7 *  2.01 (S .E .) 2 1 . 6" +++
n -  0.4^ ± 0.055 15.2 +++
a »  0.0014 -  0.00054 5 .6 2 +
Variance explained by regression = 99. 465b +++
g blue-adapted; nr = 0.2
df *» 4
Yraax «  54.85 t 0.62 56.2 +++
n «  0 .5 7  * 0 .0 26 21.96 +++
& = 0 .0 0 5 2  t  0.0004 8 +++
Variance explained by regression = 99.931* +++
Parameter difference (blue-adapted -  red-adapted)
df -  4 t ' -value
Vmax = ~9.85 5 -H -
n 0.11 4.7 ++
<T »  0.0018 20.1 +++
<T -  ratio  = 2 .2 7
+ ■= P <*025 ++ = p <»01 +++ « p <.001
To d i s t i n g u i s h  between parameter  changes independent  o f  changes in  
the s i z e  o f  the a f t e r p o t e n t i a l  and those caused e n t i r e l y  by the 
a f t e r p o t e n t i a l ,  the l a t t e r  w i l l  be c a l l e d  apparent o r  "pseudo" 
parameter  changes.
3 .2 :  S imula t ion
F igu re  2 shows the r e s u l t s  o f  the s im u la t ion  when the parameter  n 
takes the va lue  1. F i g u r e  3 shows the r e s u l t s  when n = 0.5  which i s  
ap p rox im ate ly  the v a lue  ap p ro p r ia t e  to the C a l l i p h o r a  data  (T a b l e  1 ) .  
The F igu res  show the r e s u l t s  p l o t t e d  (A )  w i th  the a f t e r p o t e n t i a l  
in c luded ,  (B) w i th  the a f t e r p o t e n t i a l  ignored (as  in  F i g .  1) and (C) 
w i t h  the a f t e r p o t e n t i a l  ignored  and the curves  "n o rm a l i s ed "  to  a 
common range on the V - a x i s .
When n = 1 a f t e r p o t e n t i a l s  induce the f o l l o w in g  "pseudo" para­
meter  changes i f  a f t e r p o t e n t i a l s  a re  ignored .
( 1 )  A reducton  in  Vmax.
( 2 )  An in c r ea se  in  the p o in t  o f  i n f l e c t i o n  o f  the curve  ( i . e .  
s igma)
(3 )  No change in  n.
When n = 0.5  a f t e r p o t e n t i a l s  induce the f o l l o w in g  "pseudo" parameter  
changes .
(1 )  A r e d u c t i o n  in  Vmax
( 2 )  An in c rea se  in  sigma
(3 )  An in c rea se  in  n
Thus when n i s  approx im ate ly  0 .5 ,  as i t  i s  in  R1-R6 o f  C a l l i pho ra 
( T ab le  1 ) ,  a f t e r p o t e n t i a l s  induce , q u a l i t a t i v e l y ,  e x a c t l y  the changes
F igu re  2: The r e s u l t s  o f  s im u la t ions  o f  the e f f e c t  o f  a f t e r p o t e n t i a l s  
on V - l o g  I  cu rves .  The r e s u l t s  o f  the s im u la t ion  are  p l o t t e d  in  the 
th r e e  formats  descr ibed  in  the in t r o d u c t i o n .  This  f i g u r e  shows the 
r e s u l t s  o f  the s im u la t ion  when n = 1. See s e c t i o n  3.2  f o r  d is cu ss io n .
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observed  a f t e r  b lu e -a d a p ta t i o n  ( F i g .  1; Tab le  1 ) .  The next s e c t i o n  
examines these  changes q u a n t i t a t i v e l y .
3 .3 :  S t a t i s t i c a l  A n a ly s i s  Assuming an A f t e r p o t e n t i a l  Accounts f o r  the 
Change in  Vmax Observed A f t e r  B lu e -a da p ta t io n
The absence o f  d i r e c t  measurements o f  the a f t e r p o t e n t i a l  in  the
b lue -adapted  C a l l i p h o r a  data  makes i t  imposs ib le  to determine d i r e ­
c t l y  which o f  the parameter changes repor ted  in  Tab le  1 a r e  r e a l  and 
which are  "pseudo"  parameter  changes due to any a f t e r p o t e n t i a l  tha t  
may have been p res en t .  On the assumption tha t  the change observed in  
Vmax i s  e n t i r e l y  due to a d e p o l a r i s in g  a f t e r p o t e n t i a l ,  the a f t e r p o t e ­
n t i a l  can be est imated  to be approx im ate ly  10 mV (Tab le  1 ) .  To t e s t
the hypothes is  tha t  the parameter  changes r epor ted  in Tab le  1 a r e
e n t i r e l y  due to an a f t e r p o t e n t i a l  o f  10 mV in  the b lue-adapted  f l y ,  
the  " a f t e r p o t e n t i a l  e q u iv a l e n t  s t imu lus "  l a  was c a l c u la t e d  f o r  a 10 
mV a f t e r p o t e n t i a l  using equa t ion  4 .3 -3  and the parameters o f  th i s  
equa t ion  f i t t e d  to the data  f o r  the red-adapted f l y  ( T a b l e  1 ) .  The 
o r i g i n a l  data  from the b lue-adapted  f l y  was then m od i f i ed  by the 
a d d i t i o n  o f  the c a l c u la t ed  va lues  o f  Va and l a .  The recons t ruc ted  
data  was then f i t t e d  aga in  to equat ion  4 .3 -3 .  The f i t t e d  parameter  
v a lues  are  r epor ted  in  Tab le  2. The r e s id u a l  v a r ia n c e  o f  the
r e g r e s s i o n  f i t t e d  to the recons t ruc ted  data i s  0.02% (T ab le  2 ) ,  
m a rg in a l l y  l e s s  than the va lue  o f  0.07% f o r  the o r i g i n a l  curve (T ab le  
1 ) .  The parameter d i f f e r e n c e s  between red and blue  adapted s t a t e s  o f  
the eye are  no lo n ge r  s i g n i f i c a n t l y  d i f f e r e n t  using the recons truc ted  
data  on b lu e -a d a p ta t i o n  (T ab le  2 ) ,  a r e s u l t  which i s  c o n s i s t e n t  w i th  
the hypothes is  advanced nere .
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Table 2 , Parameter values in the equation V/Vmax = I / ( I  +<3?) fitted
to the data from blue-adapted C a lliphora adjusted assuming 
an afterpotential of 10 mY from which la  is calculated using 
the equation fitted  to the carve from the red-adapted state 
(Table 1 ),
df = 4 t-value
Vmax = 45*7 t  O.529  (S .E .) 86.4 +++
n -  0 .4 6  i  0.0 1 4 52.8 6 +++
<r = 0 .0 0 1 2 7  ± 0.00056 3.53 +
Variance explained by regression = 99*98^
Parameter difference (blue-adapted -  red-adapted)
t *-value
Vmax = 1 0.47 ITS
n = -0.002 0.053 NS
<r -  -0.00013 0.255 NS
NS = not significant
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4: DISCUSSION
The s im u la t ions  demonstrate  t h e o r e t i c a l l y  the e f f e c t  o f  a f t e r p o t e n ­
t i a l s  upon V - l o g  I  cu rves .  The data  o f  Razmjoo and Hamdorf (1976)
from b lue -adapted  C a l l i phora i s  shown to correspond q u a l i t a t i v e l y  and 
q u a n t i t a t i v e l y  to the presence  o f  a d e p o la r i s in g  a f t e r p o t e n t i a l  which 
may account f o r  a l l  o f  the observed  d i f f e r e n c e s  between red-adapted  
and b lue -adapted  C a l l i pho ra when the v i s u a l  pigment con ten t  o f  RI-R6 
i s  h igh .
I t  would be rash to assume tha t  the q u a n t i t a t i v e  agreement
between the C a l l i pho ra data  and the hypothes is  a r i s i n g  from the study 
o f  d . c .  p o t e n t i a l s  in  the ERG o f  Drosoph i l a  (Chapter  2) i n d i c a t e s
th a t  the hypothes is  e xp la in s  the data com p le te ly .  There  are  many 
o th e r  adap ta t ion  processes  p roceed ing  in  p a r a l l e l  a t  any t ime.  The 
a n a l y s i s  does ,  however,  i l l u s t r a t e  some po in ts  o f  importance.
1. F a i l u r e  to use a mathemat ical  d e s c r i p t i o n  o f  V - l o g  I  curves  
has led  to i n t e r p r e t a t i o n s  which a r e  rendered redundant by mathema­
t i c a l  a n a l y s i s  o f  the o r i g i n a l  data .
2. S t a t i s t i c a l  f i t  of  the curves suppl ied  by Razmjoo and 
Hamdorf (1976) r e v e a l s  a sigma v a lu e  change which i s  sm a l l e r ,  not 
l a r g e r ,  than the change p r ed i c t e d  by Hamdorf and Schwemer's " s e n s i t i ­
v i t y "  h ypo th es is  (T ab le  1 ) .
3. No ev idence  in  support o f  e i t h e r  Hamdorf and Schwemer's o r  
Razmjoo and Hamdorf 's " s e n s i t i v i t y "  models i s  found in  the data  from 
h igh  v i s u a l  pigment C a l l i p h o r a .
4. In  the absence o f  d . c .  r e co rd in g s  no d e f i n i t i v e  statement 
about mechanisms o f  ad ap ta t ion  can be based on the shape o f  V - l o g  I  
curves  because a f t e r p o t e n t i a l s  have e f f e c t s  on a l l  parameters o f  the 
standard equa t ion  o f  r e c e p t o r  response ( s e e  a lso  G lan t z ,  1972).
5. When a f t e r p o t e n t i a l s  may be p resent  th e re  i s  no unique 
v a r i a b l e  such as " s e n s i t i v i t y "  which can com p le te ly  c h a r a c t e r i s e  
ad ap ta t i o n  and which i s  independent  o f  a f t e r p o t e n t i a l  magnitude.
6. The equations  deve loped  in  chapter  2 appear to be the on ly  
ones a v a i l a b l e  which a r e  competent to in co rp o ra t e  a f t e r p o t e n t i a l s  
even i f  they a r e  not measured ( e . g .  Tab le  2 ) ,  i d e a l l y ,  however,  
a f t e r p o t e n t i a l s  should always be recorded as the method used in  Tab le  
2 i s  somewhat em p i r i c a l  and in c o n c lu s i v e .
As a f i n a l  note  he re ,  I  would s imply observe  that the 
dependence o f  the "pseudo" parameter  sigma upon the s i z e  o f  the 
a f t e r p o t e n t i a l  i s  h i g h l y  n o n - l i n e a r ,  which presumably exp la in s  the 
f a i l u r e  o f  Fe in  and DeVoe (1974) to  f in d  a p e r f e c t  l i n e a r  
c o r r e l a t i o n .  I f  a f t e r p o t e n t i a l s  a re  measured, and they a r e  incorpo­
ra t e d  in to  the equations  o f  chap ter  2; a l l  o f  the o the r  parameters o f  
the  equat ions  a re  independent .
The on ly  c o n s i s t e n t  way to d e s c r ib e  the behav iour  o f  a 
r e c e p t o r  i s  in  terms o f  the parameters o f  an o b j e c t i v e l y  f i t t e d  
e qua t ion .  The equations  g i v en  in  chapter  2. a r e  c on s id e ra b ly  more 
pars imonious than those o f  G lan tz ,  which i g n o r e  a f t e r p o t e n t i a l s  in  
the f i n a l  reckoning and r e s u l t  in  confus ing  "pseudo" parameter 
changes (G la n t z ,  1972; see  Lau gh l in ,  1975 f o r  c r i t i s c i s m  o f  G la n t z '  
t rea tment  o f  " l i g h t - a d a p t a t i o n " ) .
CHAPTER 4
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1: INTRODUCTION
Chapter 2 was concerned w i th  the s a tu ra t in g  PCNA observed in  
the ERG o f  D rosoph i la  a f t e r  exposure  o f  the eye to l a r g e  doses of
b lue  l i g h t .  Th is  chapter  d es c r ib e s  the behav iour  o f  the ERG a f t e r p o ­
t e n t i a l  a f t e r  sm a l l e r  q u a n t i t i e s  o f  b lue  l i g h t  have been d e l i v e r e d  to 
the  eye .
2: METHODS
;
The m a te r ia l s  and methods used were  i d e n t i c a l  to those
re p o r t ed  in  chapter  2. D e t a i l s  of  the i l l u m in a t i o n  procedures used in  
i n d i v i d u a l  exper iments  a r e  g i v e n  in  the ap p ro p r ia te  p la c e  in  the tex t  
o r  in  the f i g u r e  l egends .
3: RESULTS
3.1 : K in e t i c s  o f  the A f t e r p o t e n t i a l
Two f e a tu r e s  of  the ERG a f t e r p o t e n t i a l  a l t e r  as in c r ea s in g  
q u a n t i t i e s  o f  b lue l i g h t  a re  d e l i v e r e d  to the eye:  ( a )  the  r a t e  o f
decay o f  the a f t e r p o t e n t i a l  and (b )  the lower  asymptote o f  t h i s  decay
( F i g .  1; Tab le  1 ) .  F igu re  1 shows the d e c l i n e  o f  a f t e r p o t e n t i a l  
f o l l o w i n g  d i f f e r e n t  doses o f  b lue l i g h t  d e l i v e r e d  in  equal i n t e n s i t y  
f l a s h e s .  I t  can be seen tha t  a f t e r  each dose the a f t e r p o t e n t i a l  
decays approx im ate ly  e x p o n e n t i a l l y ,  but that as the number o f  f l a s h e s  
d e l i v e r e d  in c reases  the asymptote o f  th i s  decay becomes l a r g e r .
T ab le  1 r e p o r t s  a q u a n t i t a t i v e  a n a ly s i s  o f  records  obta ined  
from the p rep a ra t i o n  used to construct  F i g .  1. The equa t ion  f o r  an
F ig .  1: The f i g u r e  shows the decay o f  the a f t e r p o t e n t i a l  f o l l o w i n g
d i f f e r e n t  doses o f  b lue  l i g h t .  D i f f e r e n t  q u a n t i t i e s  o f  l i g h t  were 
d e l i v e r e d  to the eye o f  the p rep a ra t i o n  in  1 s pu lses  from the 
a d a p t in g - f l a s h  ( i n t e n s i t y :  0 ,8  X 10^5 photons cm- 2 s ~ l ) .  Doses
from 1 to 30 pu lses  were  d e l i v e r e d .  The ERG base l i n e  was recorded 
f o r  two minutes a f t e r  each dose .  The f i g u r e  shows the a f t e r p o t e n t i a l  
k i n e t i c s  a f t e r  th re e  o f  these  doses:  3, 10, and 15 p u ls e s .  The data  
i s  p l o t t e d  r e l a t i v e  to the ERG b a s e l i n e  b e f o r e  the dose was d e l i v e r e d  
and the records  were a l i g ned  in  time a t  the t e rm ina t ion  o f  the l a s t  
pu lse  o f  l i g h t .  A f t e r  smal l  doses o f  b lue l i g h t  ( e . g .  3 p u ls e s )  the 
ERG b a s e l i n e  appears to decay back to i t s  o r i g i n a l  l e v e l  -  thus th e re  
i s  no PCNA, but the time requ ired  to decay becomes l a r g e r  as more 
b lue  l i g h t  has been d e l i v e r e d .  A f t e r  l a r g e r  doses o f  b lue l i g h t  (d a ta  
f o r  10 and 15 doses a re  shown) not on ly  does the time requ ired  f o r  
decay remain high but the ERG now appears to decay to a l e v e l  h igh er  
than i t s  o r i g i n a l  l e v e l  -  thus a PCNA i s  v i s i b l e  a t  the end of  the 
two minute o b s e r va t i o n  p e r io d .
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Table 1«. The A f t e r p o t e n t i a l  f o l l o w i n g  smal l  doses 




Rate  cons t a n t ( 3 ” ^ )
3







1 - 4 - 0 . 1 4 ^ 0 . 1 9 - 1 6 -
2 - ^ 4 - O . i 7 i o . l 8 - 12 -
3 -0.21Î0.01 4.81 - O . 3 4 i o . O 7 0.98 21 .001
4 -0.18-0.01 5.47 -0.10i0.08 0.99 21 .001
5 -0 .08^0 .01 11.85 0.39io.05 0.98 27 .001
6 - 0 . 0 7 i 0 . 0 0 4 14.74 1.93io.09 0.98 30 .001
7 - 0 . 0 6 i o . 0 0 2 17.97 l.59J-0.08 0.99 28 .001
8 -0.04i0.003 22.68 0.42io.l4 0.98 2 6 .001
9 “0.04^0.002 26.58 1.19io.ll 0.99 27 .001
1 0 -0.03^0.002 34.53 0.89io.l6 0.99 2 9 .001
15 -0.02Î0.001 62.47 4.1oio.35 0.99 26 .001
20 - 0 . 0 3 - 0 . 0 0 5 32.28 7 .7 8 io .3 6 0.98 11 .001
30 -o.i5Î0 .005 6.82 9.09io.ll 0.92 1 5 .001
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The u n i t  o f  dose used was 0*2 x  10 b lue  photons cm , d e l i v e r e d
15 -2 -1
m  250 ms f l a s h e s  o f  l i g h t  a t  0 .8  x  10 photons cm s . Columns 5»
6 and 7  g i v e ,  r e s p e c t i v e l y ,  the c o r r e l a t i o n  c o e f f i c i e n t ,  the degrees  o f  
freedom and the s i g n i f i c a n c e  o f  the n o n - l i n e a r  r e g r e s s i o n  f i t t e d  us ing
f e r  f t - O V L .  c lo u ts  fi-C
EMDPJÆ. £ a f t e r p o t e n t i a l  a f t e r  doses 1 and 2 cou ld  not  be f i t t e d  by 
the e q u a t i o n  y  = A + B e^x because o f  an ove rshoo t  ( t r a n s i e n t  h y ­
p e r p o l a r i s a t i o n ) .  The "asym pto te "  g i v en  i n  column 4  i s  the mean o f  
measurements made a t  l e a s t  3 0  s a f t e r  the  dose was d e l i v e r e d ,  o k r - u i » 1 
columns 2 and 4 show, r e s p e c t i v e l y ,  th e  f i t t e d  parameters  R and A 
t o g e th e r  w i th  t h e i r  s tandard d e v i a t i o n  ( =  s tandard  e r r o r ) .
exp o n en t ia l  decay to an asymptote i s  y = A + B e “ ^x (Snedecor and 
Cochran, 1967).  This  equat ion  was f i t t e d  to the data using a
n o n - l i n e a r  r e g r e s s i o n  program BMDP3R (BMD manual, 1975).  As the 
c o r r e l a t i o n  c o e f f i c i e n t s  f o r  the equa t ion  f i t t e d  to the a f t e r p o t e n ­
t i a l s  a re  h igh ( > 0 . 9 ) ,  the  decays are  c l o s e  to e xp o n en t ia l .
The t im e-cons tan t  shown in  Tab le  1 i s  obta ined  as the in v e r s e  
o f  the r a t e - c o n s ta n t  parameter R f i t t e d  by the r e g r e s s i o n  program and 
i s  dependent upon the dose o f  b lue  l i g h t  d e l i v e r e d  to the eye .  Column 
5 o f  Tab le  1 conf irms the s u b j e c t i v e  impress ion  gained from F i g .  1 
th a t  smal l  q u a n t i t i e s  o f  b lue  l i g h t ,  and hence small  q u a n t i t i e s  o f
g enera ted  M580, are  f o l l o w e d  by a f t e r p o t e n t i a l s  which f a l l  to an
asymptote  which i s  c l o s e  to 0 mV. Th is  lag  in  the development o f  a 
PCNA means tha t  the r e l a t i o n s h ip  between the magnitude o f  the PCNA 
and the quan t i ty  o f  b lue l i g h t  d e l i v e r e d  to the eye i s  sigmoid as
im p l i ed  in  chapter  2.
F i g u re  1 and Tab le  1 i l l u s t r a t e  two important r e s u l t s .  1.
Small  q u a n t i t i e s  o f  blue l i g h t  do not induce a measurable PCNA. 2. In  
c o n t r a s t  to those repor ted  in  o th e r  s p e c i e s ,  the PCNA/PDA in  R1-R6 o f  
D rosoph i la  may be of  a magnitude in t e rm e d ia t e  between tha t  o f  a 
sa tu ra ted  PCNA/PDA and the "darlc-adapted" l e v e l  o f  the ERG b a s e l i n e .
In  o rder  to d i s t i n g u i s h  the k i n e t i c s  d escr ibed  here  from those 
o f  the sa turated  PCNA, the asymptot ic  decay o f  the ERG b a s e l i n e  w i th  
a time constant of  seconds to minutes (T ab le  I )  w i l l  be c a l l e d  the 
" b r i e f  a f t e r p o t e n t i a l " .
The b r i e f  a f t e r p o t e n t i a l  i s  not accounted f o r  by the model o f  
the  M 580-corre la ted  conductance which appears to account f o r  the PCNA 
( ch a p te r  2) because the b r i e f  a f t e r p o t e n t i a l  d e c l in e s  w i th  a t im e-  
cons tant  which i s  independent of the decay o f  M580 ( th e  t im e-cons tan t  
f o r  the decay o f  M580 i s  about s i x  hours: Pak and L id in g t o n ,  1974).
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The n o n - l in e a r  ( s i gm o id )  r e l a t i o n s h i p  between the magnitude of  
induced PCNA and the quan t i t y  o f  b lue  l i g h t  d e l i v e r e d  to the eye a lso  
im p l i e s  a sigmoid r e l a t i o n s h i p  between the magnitude o f  the PCNA and 
the  qu an t i t y  o f  M580 in  the membranes o f  R1-R6 o f  D r o s o p h i l a . The 
r e s u l t  o f  Stark  and Zitzmann (1976 ) ,  th a t  i t  i s  d i f f i c u l t  to observe  
a PCNA in  Drosoph i la  w i th  0.5% o f  the normal quan t i t y  o f  v i s u a l  
p igment ,  i s  c o n s i s t e n t  w i th  the p resen t  r e s u l t .
3 .2 :  Suppress ion o f  the B r i e f  A f t e r p o t e n t i a l  by P rev iou s  M to  R
Convers ion
The b r i e f  a f t e r p o t e n t i a l  in  the Drosoph i la  r e t i n a  resembles  
the  pro longed  d e p o la r i s in g  a f t e r p o t e n t i a l  in  o the r  s p e c ie s  ( e . g .  
Limulus and Balanus) in  tha t  i t  decays independent ly  o f  the decay o f  
i t s  a s soc ia t ed  metarhodopsin.  The PDA in  Limulus and Balanus may be 
p revented  (s iypressed) by an immediate ly  preced ing  M to  R c on ve r s ion ,  
the  suppress ion  process  being c a l l e d  an " a n t i - t a i l "  (Hochs te in  e t  
a l . ,  1973; Minke e t  a l . ,  1973).  I t  i s  p e r t in e n t  to ask whether the 
PCNA o r  the b r i e f  a f t e r p o t e n t i a l  in  Drosoph i l a  may be s i m i l a r l y  
suppressed by M to R c on ver s ion .
In  the experiments r ep o r t ed ,  M to  R con ve rs ion  was ach ieved  by 
b lu e -ad ap t in g  the eye o f  the p r ep a r a t i o n  w i th  10 s of  the adapting 
l i g h t ,  and then orange-adapt ing  the eye w i th  10 s o f  orange l i g h t  
( t h e  M to  R con ve r s ion  s t e p ) .  This  procedure  w i l l  s imply be c a l l e d  
the  " t r e a tm e n t "  in  what f o l l o w s .
No trea tment  e v e r  produced any v i s i b l e  e f f e c t  upon the PCNA 
induced by 10 s o f  blue l i g h t  a t  the maximum i n t e n s i t y  a v a i l a b l e  from 
the adapting l i g h t .  The p resent  r e s u l t  cannot ru le  out the p o s s i b i ­
l i t y  tha t  M to R con ve r s ion  p a r t i a l l y  suppresses  the PDA/PCNA in
D ro sop h i la .  I t  does,  however ,  i l l u s t r a t e  tha t  un l ike  the Balanus and 
Limulus p rep a ra t ion s  complete  suppress ion  of  the PDA in  RI-R6 does 
not occur .
In  c o n t r a s t ,  suppress ion  o f  the b r i e f  a f t e r p o t e n t i a l  by 
p rev io u s  M to  R c on ve r s io n  can be r e l i a b l y  observed .  Ten p rep a ra t ion s  
were  examined f o r  suppress ion  o f  the b r i e f  a f t e r p o t e n t i a l  e f f e c t .  A l l  
p r ep a r a t i o n s  gave p o s i t i v e  r e s u l t s :  the b r i e f  a f t e r p o t e n t i a l  d ec l in ed  
more r a p i d l y  a f t e r  tr ea tment  than a f t e r  10 minutes of  dark -adapta -  
t i o n .  Th is  r e s u l t  i s  s t a t i s t i c a l l y  s i g n i f i c a n t  ( P < 0 .01 ; b inomia l  
t e s t ) .  Con tro ls  demonstrated tha t  t h i s  suppress ion  i s  the r e s u l t  of  M 
to  R c on ve r s io n  r a th e r  than i l l u m in a t i o n  w i th  orange l i g h c .  F igu re  2 
i s  a sample reco rd  demonstrating the suppress ion  o f  the b r i e f  
a f t e r p o t e n t i a l  in  the ERG o f  Drosoph i l a . As in  the Balanus and 
Limulus p rep a ra t ion s  the suppress ion  e f f e c t  of  an M to  R c on ve r s io n  
i n  the Drosoph i la  r e t i n a  decays w i th  t ime.  F igu re  3 i s  a p l o t  o f  the 
h a l f - l i f e  o f  the b r i e f  a f t e r p o t e n t i a l  a g a in s t  the time a f t e r  t r e a t ­
ment.  L in ea r  c o r r e l a t i o n  between these  v a r i a b l e s  was s t a t i s t i c a l l y  
s i g n i f i c a n t  ( r  = 0.87,  d f  = 5, P <0 .01 ) ,  but a much b e t t e r  f i t  was 
ob ta ined  by c o r r e l a t i n g  the h a l f - l i f e  o f  the b r i e f  a f t e r p o t e n t i a l  
w i th  the lo ga r i th m  of  the time a f t e r  tr eatment ( r  = 0.98,  d f  = 5,
P < 0 .01 ) .  The c o r r e l a t i o n  p l o t t e d  in  F i g . 3 i s  the l a t t e r  o f  these .  My 
o b s e r va t i o n s  i n d i c a t e  tha t  the " a n t i - t a i l "  i s  n ea r ly  exhausted a f t e r  
10 minutes.
4: DISCUSSION
The d e p o la r i s in g  a f t e r p o t e n t i a l  induced in  R1-R6 o f  the 
Drosoph i la  r e t i n a  by b lue  l i g h t  i s  shown here  to comprise two phases:
( a )  the b r i e f  a f t e r p o t e n t i a l  which decays w i th  a time constant  of
F i g .  2: Suppress ion of  the b r i e f  a f t e r p o t e n t i a l  f o l l o w i n g  M to  R
co n ve r s io n .  The f i g u r e  shows t r a c in g s  o f  the a f t e r p o t e n t i a l  which 
f o l l o w e d  a 1 s b lue st imulus from the adapting l i g h t  ( i n t e n s i t y :  1.4 
X 10^6 photons cm“ 2 s - l ) ,  ( a )  b e f o r e  b lu e -a d a p ta t i o n ,  (b )  5 s
a f t e r  M to R c on v e r s io n  (n o t e  tha t  the a f t e r p o t e n t i a l  decays more 
r a p i d l y  than in  ( a ) ) ,  ( c )  1 min, and (d )  5 min a f t e r  M to R
co n v e r s i o n  (n o te  tha t  the suppress ion  e f f e c t  has d e c l i n e d ) .  An 
in c r e a s e  in  the decay r a t e  o f  the b r i e f  a f t e r p o t e n t i a l  f o l l o w i n g  M to 
R con vers ion  has been observed  in  10 f l i e s .
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F i g .  3: This  f i g u r e  shows the c o r r e l a t i o n  between the h a l f - l i f e  of
the  b r i e f  a f t e r p o t e n t i a l  induced by a 1 s pu lse  from the  adap t ing -  
f l a s h  and the lo ga r i thm  o f  the time a f t e r  M to  R c on ve r s io n  ( r  = .98, 
d f  = 5, P <0 .01 ) .
seconds to minutes (T a b l e  1; F i g .  1) to an asymptote that i s  ( b )  an 
in t e r m e d ia t e  l e v e l  o f  the pro longed d e p o l a r i s in g  a f t e r p o t e n t i a l  which 
decays o ve r  a p e r io d  o f  s e v e r a l  hours ( ch a p te r  2 ) .  Such a dichotomous 
decay o f  a f t e r p o t e n t i a l  has not been descr ibed  in  any o th e r  s p e c i e s ,  
but need not i n d i c a t e  d i f f e r e n t  mechanisms. However, the behaviour of  
the  b r i e f  a f t e r p o t e n t i a l  cannot be accounted f o r  by the model of the 
p ro longed  a f t e r p o t e n t i a l  g i v e n  in  chapter  2. The Drosoph i la  b r i e f  
a f t e r p o t e n t i a l  resembles  the pro longed  a f t e r p o t e n t i a l  in  Balanus and 
Limulus in  th ree  ways.
1. I t  decays independent ly  o f  the decay o f  metarhodops in.
2. I t s  decay t ime depends on the quan t i t y  o f  M genera ted .
3. I t s  decay t ime i s  reduced by p r i o r  M to R convers ion .
D e s p i t e  the f a c t  tha t  these  r e s u l t s  can be " e x p la in e d "  by the 
" e x c i t o r - i n h i b i t o r "  model (H ochs te in  e t  a l . ,  1973),  I am r e lu c t a n t  to 
c a l l  upon th i s  model f o r  a number o f  reasons:  1. Ho c o r r o b o ra t in g  
e v id en ce  f o r  the e x i s t e n c e  o f  " e x c i t o r s "  o r  " i n h i b i t o r s "  was found in  
chap ter  2. 2. The model i s  l o o s e l y  formulated and i s  d i f f i c u l t  to
t e s t .  3. The model o f f e r s  no b io p h y s i c a l  e xp lan a t i o n  o f  e ven ts .  A 
b i o p h y s i c a l  mechanism i s  suggested below.
R1-R6 in  Drosoph i l a  a re  t r a n s i e n t l y  hyp erp o la r i s ed  f o l l o w in g  
l on g -w ave len g th  i l l u m in a t i o n .  Th is  h y p e r p o la r i s a t i o n  i s  p a r t i c u l a r l y  
pronounced f o l l o w i n g  M to  R con ve r s ion  ( e . g .  F i g .  1 chap te r  2 ) .  
H y p e rp o la r i s in g  a f t e r p o t e n t i a l s  in  the pho torecep to rs  o f  o th e r  spe­
c i e s  have been shown to be due to the a c t i v i t y  o f  e l e c t r o g e n i c  pumps 
s t im u la ted  by the l i g h t  induced i n f l u x  o f  sodium ( Balanus pho torecep -
t o r :  Koike e t  a l . ,  1971; Limulus p h o to r ec ep to rs :  Brown and Lisman,
1972; W u l f f  and Mueler ,  1973).  I t  i s  reasonab le  to conc lude that the 
h y p e r p o l a r i s a t i o n  o f  Drosoph i l a  R1-R6 i s  a l so  due to the a c t i v i t y  o f  
an e l e c t r o g e n i c  pump. Exper imental support f o r  t h i s  i n f e r e n c e  i s  
a v a i l a b l e .  E l e c t r o g e n i c  pumps are  a c t i v e  mechanisms which are  i n h i ­
b i t e d  by m e tabo l i c  po isons ,  oxygen s t a r v a t i o n  and c o o l i n g .  The 
a l t e r n a t i v e  mechanism f o r  h y p e r p o l a r i s a t i o n  i s  a pro longed  conduc­
tance  change ( e . g .  to potassium as in  the squid axon: s ee  K u f f l e r  and 
N i c h o l l s ,  1976).  In the l a t t e r  o f  these  cases the h y p e r p o l a r i s a t i o n  
i s  p a ss iv e  and r e l a t i v e l y  i n s e n s i t i v e  m e tabo l i c  i n h i b i t i o n .  Cosens 
(1971) has demonstated, by c o o l i n g ,  tha t  an a c t i v e  mechanism c o n t r i ­
butes  to the f a s t  r e p o l a r i s i n g  response o f  Drosoph i l a  p h o to r ec ep to rs .  
I  propose  tha t  the suppress ion  of  the b r i e f  a f t e r p o t e n t i a l  in  R1-R6 
o f  Drosoph i l a  i s  due to temporary a c t i v a t i o n  o f  an e l e c t r o g e n i c  pump.
Hamdorf and Schwemer (1975) have repor ted  ev idence  tha t  oxygen 
i s  requ i red  f o r  the normal decay o f  the PDA i n  C a l l i phora photorecep ­
t o r s .  I f  the decay o f  a PDA i s  induced by a d e c l i n e  in  membrane 
conductance ( s a y ,  to sodium) the process  should be p a s s i v e .  Hamdorf 
and Schwemer's data  a re  c o n s i s t e n t  w i th  a c t i v e  pumping of sodium 
io n s .  I t  seems p o s s ib l e  tha t  the b r i e f  a f t e r p o t e n t i a l  r epor ted  here  
in  Drosoph i l a  pho to recep to rs  d isp la ys  k in e t i c s  c o n t r o l l e d  by an 
e l e c t r o g e n i c  pump, and tha t  in  t h i s  r espec t  i t  resembles the PDA in  
o th e r  s p e c i e s .  On t h i s ,  s p e c u l a t i v e ,  i n t e r p r e t a t i o n  o f  e ven ts ,  the 
p ro longed  a f t e r p o t e n t i a l s  in  Drosoph i l a  would a r i s e  when the coupl ing  
r a t i o  o f  the e l e c t r o g e n i c  pump i s  i n s u f f i c i e n t  to counterac t  the 
m e ta rh od ops in -co r r e la ted  conductance. Th is  model im p l i e s  tha t  the 
e l e c t r o g e n i c  pump i s  par t  o f  a c o n t r o l  system which at tempts  to 
m a inta in  the dark r e s t i n g  p o t e n t i a l  o f  R1-R6 a t  a constant  l e v e l .  The 
model o u t l in e d  above i s  capab le  o f  accounting f o r  ( a )  the sigmoid
r e l a t i o n s h i p  between the l e v e l  o f  PCNA and the amount of  l i g h t  
d e l i v e r e d ,  (b )  the change in  the s lope  o f  the a f t e r p o t e n t i a l  to 
response  ampli tude r e l a t i o n s h i p  a f t e r  M to R c on ve r s io n  ( F i g .  2, 
chap ter  2: compare t r i a n g l e s  w i th  o th e r  symbols ) ,  ( c )  the suppress ion  
o f  the b r i e f  a f t e r p o t e n t i a l .  D i r e c t  b i o p h y s i c a l  ev idence  i s  requ ired  
to  t e s t  t h i s  hyp o th es is .
CHAPTER 5
RETINULA CELLS R1-R6 IN THE COMPOUND EYE OF WILDTYPE DROSOPHILA ARE 
BLUE-ADAPTED AND ORANGE-ADAPTED AS THEY ARE IN THE WHITE-EYED MUTANT
1: INTRODUCTION
Willmund and Fischbach (1977) have repo r ted  tha t  the behav iour  of  
w i l d t y p e  Drosoph i l a  melanoga s t e r  in  a s i t u a t i o n  where they may choose 
to  spend time in  l i g h t  or  darkness can be a l t e r e d  by p rev ious  
i l l u m in a t i o n  o f  the f l i e s  w i th  blue  l i g h t .  Th is  change in  behaviour 
i s  graded accord ing  to the amount o f  b lue l i g h t  d e l i v e r e d  but 
asymptotes  a t  a l e v e l  which i s  the same as the behaviour o f  f l i e s  in  
which R1-R6 a r e  d e f i c i e n t  (mutants ora  and r d g B ) . In  darkness the 
b eh av iou ra l  m o d i f i c a t i o n  p e r s i s t s  f o r  s e v e r a l  hours, but i f  the f l i e s  
a r e  kept  in  the exper imenta l  chamber (which i s  i l lu m in a ted  w i th  
y e l l o w  l i g h t )  the behaviour g ra d u a l l y  re turns  to tha t  of  non 
b lue -adap ted  w i l d t y p e  f l i e s .
These r e s u l t s  sugges t  tha t  an a f t e r p o t e n t i a l  in  R1-R6 o f  
w i l d t y p e  Drosoph i l a  might cause the b ehav ioura l  m o d i f i c a t i o n .  A l l  o f  
the  r e cen t  work on the PDA in  R1-R6 in  Drosoph i l a  has been c a r r i e d  
out on w h i t e - eyed  mutants.  The reason f o r  t h i s ,  which i s  r a r e l y  made 
c l e a r  in  the l i t e r a t u r e ,  i s  tha t  i t  has been d i f f i c u l t  to demonstrate 
the  PDA, o r  the in  v i v o  photopigment convers ions ,  i n  the w i ld t y p e  
( r e d  eyed ) f l y .  For in s tance  using an i l l u m in a t i o n  procedure  iden­
t i c a l  to tha t  used in  chapter  2 I  have found tha t  even a f t e r  100 
t imes  the amount o f  l i g h t  requ i red  to g i v e  a maximal PCNA in  
w h i t e - e y ed  Drosoph i la  the a f t e r p o t e n t i a l  induced in  w i ld t y p e  f l i e s  i s  
so smal l  as to pass unnoticed  except  under the most c a r e fu l  s c ru t in y .  
An a f t e r p o t e n t i a l  was induced, and was removed by orange l i g h t  but 
repea ted  experiments and s t a t i s t i c a l  t reatment were requ ired  to 
demonstrate  the smaTl e f f e c t .  I t  must be assumed tha t  o the r  l a b o r a t o ­
r i e s  have exper ienced  d i f f i c u l t y  in  demonstrating a PDA in  R1-R6 o f  
the  w i ld t y p e  s ince  the re  a re  no r e p o r t s  in  the l i t e r a t u r e .
The d i f f i c u l t y  in  demonstrating a PDA in  R1-R6 o f  the w i ld t y p e  
i s  g e n e r a l l y  taken as e v id ence  f o r  the " f u n c t i o n "  o f  the red
sc reen in g  pigments in  p reven t ing  the accumulation of  metarhodops in 
M580 and the consequent PDA in  R1-R6 o f  the w i ld t y p e  (Cosens and 
B r i s c o e ,  1972; Cosens and W r igh t ,  1975; Minke e t  a l . ,  1975).  However, 
i t  i s  c l e a r  tha t  the screen ing  pigment sheath in  the secondary 
pigment c e l l s  o f  w i ld t y p e  and c innabar f l i e s  can not o f f e r  p r o t e c t i o n  
to  r e t i n u l a  c e l l s  whose rhabdomeres a re  d i r e c t l y  i l lu m in a ted  on th e i r  
o p t i c a l  a x i s  w i th  blue l i g h t .  However, the ommochromes in  the
r e t i n u l a  c e l l s  o f  w i ld t y p e  may a f f o r d  some p r o t e c t i o n  even to the 
r e t i n u l a  c e l l s  o f  "on a x i s "  rhabdomeres ( l o n g i t u d i n a l  p u p i l ,  see  
F r a n c e s c h in i , 1975).
In  o rder  to account f o r  the absence o f  e v idence  from the ERG 
o f  the PDA in  R1-R6 i t  was necessary  to assume tha t  "on a x i s "
r e t i n u l a  c e l l s  do exp e r i en ce  a PDA but tha t  the ERG i s  an i n s e n s i t i v e
measure o f  th i s  event  i f  on ly  a few r e t i n u l a  c e l l s  are  in  PDA (say  50 
out o f  4 ,0 0 0 ) .  An a l t e r n a t i v e  hypothes is  i s  tha t  the b lue/orange  
ad ap ta t i o n  observed in  w h i t e -eyed  mutants i s  not r e p r e s e n t a t i v e  of  
the  behav iour  o f  r e t i n u l a  c e l l s  in  the w i ld t y p e  f l y .  For in s tan ce ,  i t  
might be a p l e i o t r o p i c  e f f e c t  o f  the mutat ions a l t e r i n g  the screen ing  
p igments  (w, bw, cn ) .
As b e f o r e ,  the ERG was used in  the p resent  study as a t o o l  to 
i n v e s t i g a t e  the behaviour o f  R1-R6 (Cosens and Wr igh t ,  1975).  Th is  
chap ter  demonstrates tha t  when Drosoph i l a  are  i l lu m in a ted  in s id e  a 
t a b l e  tenn is  b a l l ,  p e rm i t t in g  d i r e c t  i l l u m in a t i o n  o f  most of  the 
rhabdomeres o f  the eye ,  w i ld t y p e  and c innabar Drosoph i l a  can be 
b lue/orange  adaptated in  a f a sh io n  s i m i l a r  to tha t  observed  in  
w h i t e - e y ed  f l i e s .  The on ly  important d i f f e r e n c e  between phenotypes i s  
i n  the amount o f  l i g h t  requ i red  to cause the ad ap ta t ion .  Th is  f in d in g
i s  c o n s i s t e n t  w i th  l eak ing  l i g h t  l a t e r a l l y  through the secondary' 
s c r e en in g  pigment c e l l s  in to  ad jacen t  ommatidia in  the wh i t e -eyed  f l y  
w i th  the r e s u l t  tha t  more l i g h t  reaches each rhabdomere. The r e s u l t s  
demonstrate  tha t  most of  the l i g h t  reaching the rhabdomeres o f  
w h i t e - e yed  f l i e s  i s  i n d i r e c t .  I t  i s  concluded tha t  PDAs do a r i s e  in  
R1-R6 o f  w i ld t y p e  f l i e s  tha t  are  d i r e c t l y  i l lu m in a ted  by blue l i g h t  
and tha t  the s tud ie s  o f  wh i t e -eyed  Drosoph i la  have descr ibed  events  
which are  o f  p h y s i o l o g i c a l  s i g n i f i c a n c e  to the w i l d t y p e .
2: MATERIALS AND METHODS
The experiments  were  conducted in  two pa r t s  a t  two d i f f e r n e n t  
l o c a t i o n s .  An i n i t i a l  s e r i e s  of  obs e rva t ion s  was made a t  F re iburg  
us ing  the stocks and f i l t e r s  used by Willmund and Fischbach (1977 ) .  
The experiments  were l a t e r  repeated  a t  Edinburgh.
2 .1 : Experiments a t  F re iburg
I n s o f a r  as was compat ib le  w i th  making e l e c t r o p h y s i o l o g i c a l  reco rd ings  
from the  eye o f  the f l y  an attempt was made to mimic the c on d i t i on s  
o f  the behav iou ra l  exper iments  repo r ted  by Willmund and Fischbach 
(1977 ) .  The f l i e s  were  from the same stocks and the co lour  f i l t e r s  
were  as used in  the behav ioura l  exper iments .  The exper iments  were 
c a r r i e d  out in  an env i ronm enta l ly  c o n t r o l l e d  room a t  23 °C and 60% 
r e l a t i v e  humidity .
The f l i e s  were Drosoph i l a  m e lan o gas te r ; w i l d t y p e  ( r e d - e y e d ) ,  
c innabar  ( b r i g h t  red eyed ) and w h i t e  (w h i t e - e y e d )  f l i e s  were  used. 
The f l i e s  were ra is ed  (on standard medium) i n  incubators  a t  23 “c  on a
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12:12 L:D c y c l e .
Record ing  procedure :  The f l i e s  were mounted on th e i r  s ides  in  
d en ta l  wax. ERGs were obtained from the f l i e s  using standard
procedures .  Glass  m ic r o e l e c t r o d e s  f i l l e d  w i th  3 molar KC1 were
in s e r t e d  in to  the f l y ,  one in  the r e t i n u l a  c e l l  r e g i o n  o f  the eye
beneath  the cornea and the second ( r e f e r e n c e )  in  the thorax.  The
e l e c t r o d e s  were mounted d i r e c t l y  in to  e l e c t r o d e  ho lders  and p reamp l i ­
f i e r s .  S igna ls  from the p r e a m p l i f i e r s  were  fed  to an e l e c t r o m e t e r  
a m p l i f i e r  (W-P. I .  Model:  M4-A; g a in  s e t t i n g  = 1) and the d . c .
a m p l i f i e r  of  a T ek t r o n ix  7504 o s c i l l o s c o p e ;  from th e re  to a Perk in  
Elmer 56 p en reco rde r .
I l l u m in a t in g  most of  the rhabdomeres o f  the eye :  T r a d i t i o n a l l y
e l e c t r o p h y s i o l o g i c a l  p repara t ions  a re  i l lu m in a ted  w i th  a d i r e c t i o n a l  
l i g h t  source .  As a r e s u l t  on ly  c e r t a i n  . on -ax is  rhabdomeres can be
d i r e c t l y  i l l u m in a t e d ;  in  an attempt to c ircumvent t h i s  problem the
f l y  was mounted in s id e  an i l lum in a ted  sphere made from two tab le  
t en n is  b a l l s  ( s e e  F i g .  1 ) .  The sphere was i l lu m in a ted  from the
o u t s id e  using two R o l l e i  s l i d e  p r o j e c t o r s  which were used t o g e th e r  as 
the  adapt ing  l i g h t .  The p r o j e c t o r s  were opera ted synchronous ly  using 
the  remote c o n t r o l  f a c i l i t i e s  and the s p e c t r a l  com pos i t ion  of  the 
l i g h t  was c o n t r o l l e d  by 5 X 5 cm p l e x i g l á s  co lour  f i l t e r s  ( s e e  Tab le  
1 ) .  The p r o j e c t o r s  were f i t t e d  w i th  heat f i l t e r s  and the temperature  
in s i d e  the b a l l  was l e s s  than 1 C warmer than the room temperature  
a f t e r  1 hour o f  y e l l o w  i l l u m in a t i o n  a t  16 W m- 2.
A t e s t f l a s h  of  0.125 seconds du ra t ion  was d e l i v e r e d  to the top 
o f  the sphere by an o p t i c a l  f i b r e ,  the l i g h t  source was a th i rd
F ig u re  1: A d iagram o f  the i l lum in a ted  sphere  in  which the f l y  was
p laced  f o r  the e l e c t r o p h y s i o l o g i c a l  r e c o rd in g s .  The sphere was 
cons t ruc ted  from two ta b le  tenn is  b a l l s .  The top b a l l  was cut as 
shown to perm it  en t ry  o f  the m i c r o e l e c t r o d e s .  No d i r e c t  l i g h t  could 
reach the p r ep a r a t i o n .  El and E2: e l e c t r o d e s  in s e r t ed  in to  the eye 
and the thorax o f  the f l y ;  W: the den ta l  wax on which the f l y  was 
mounted.
Table 1, Maximum ligh t intensity measured inside the TT ba ll
Rdhm plexiglas  









The ligh t intensity ( below 700 ran) was measured by cutting a new 
hole in the top table tennis b a ll and inserting the probe of a 
Kettering radiant power meter into the position occupied by the 
f l y 0 Readings were taken in three d irections; the va riab ility  
measured was less than a factor of th ree 'for the adapting ligh ts .
The measurements are underestimates of the amount o f ligh t  
available to the f ly  because the probe interferes with internal 
reflections. The testlight intensity shown is  with the probe 
directed upwards, with the probe facing la te ra lly  the intensity was 
about one tenth of the figure shown.
notes
1. bandpass f i l t e r :  half-bandwidth 50 nm; max = 455 nm
2. long-wavelength pass f i l t e r ,  520 nm is the half-transmission point
p r o j e c t o r .  The t iming of the t e s t l i g h t  was c o n t r o l l e d  manually using 
a photographic  l e a f  shu t t e r .
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When a s u c ce ss fu l  p e n e t r a t i o n  o f  the eye gave a " t y p i c a l "  ERG 
response  to the t e s t l i g h t  the eyes were l i g h t  adapted using va r ious  
reg imes to look  f o r  the e f f e c t s  of  b lue and y e l l o w  l i g h t .  D e t a i l s  of  
the  i l l u m in a t i o n  procedures are  g i v en  in  the r e s u l t s  s e c t i o n  and in  
the  f i g u r e  l e gends .
Measurements: c o r n e a l - n e g a t i v e  p o t e n t i a l s  are  p l o t t e d  upward on the 
f i g u r e s .  Two measurements were made from the reco rds :  the s i z e  of  the 
response  to the constant t e s t f l a s h ,  the response ampl i tude;  and the 
ERG p o t e n t i a l  b a s e l i n e  in  darkness, the a f t e r p o t e n t i a l  ( s e e  F i g ,  2 ) .
2 .2 :  Experiments a t  Edinburgh
The methods used in  part  A were  adapted f o r  use w i th  the r eco rd ing  
equipment descr ibed  in  chapter  2.
The f l i e s  were  w i l d t y p e  and w h i t e  Drosoph i l a  melanoga s t e r  w i th
the  same g e n e t i c  background (Haren s t o c k s ) .
The sphere was i l lum in a ted  from 9.5 cm w i th  the adapting 
l i g h t ,  and from 5 cm w i th  the t e s t l i g h t .  The t e s t l i g h t  was s e t  to 
maximum i n t e n s i t y  to d e l i v e r  a 250 ms f l a s h  a t  i n t e r v a l s  o f  4 s .
The l i g h t  i n t e n s i t y  in s id e  the sphere was est imated  by f i x i n g  
a t a b l e  tenn is  b a l l  onto the probe o f  the d i g i t a l  photometer  w i t h  a 
h o l e  cut to a l l o w  the sensor to measure the l i g h t  in s id e  the b a l l .  
Measurements were  made w i th  the dummy sphere in  the p o s i t i o n  o f  the 
r e a l  one. This  gave read ings  of  1.4 W m- 2 (3 .4  X 10 -̂4 photons cm~2
s “ l )  f o r  the blue adapting l i g h t ,  4.4 W m- 2 (14.2  X 1 0 ^  photons
cm 2 s 1) f o r  the orange adapting l i g h t  and 21 mW m- 2 (5 . 2  X 1012 
photons cm“ 2 s - l )  f o r  the blue  t e s t f l a s h .  A d i f f e r e n c e  in  these  
v a lu e s  by a f a c t o r  of  l e s s  than two was obta ined  by r o t a t i n g  the 
dummy sphere .  Ba lze rs  broadband co lour  f i l t e r s  were used ( s e e  chapter  
2 f o r  c h a r a c t e r i s t i c s ) .
3: RESULTS
3.1 :
The e f f e c t s  o f  i l l u m in a t i o n  w i th  blue and y e l l o w  l i g h t  upon the ERG 
was examined in  5 w i l d t y p e ,  2 c innabar ,  and 1 w h i t e  Drosoph i l a  
melanoga s t e r  using the i l lum in a ted  sphere cons tructed  from t a b l e  
t e n n is  b a l l s  ( F i g .  1 ) .  Each f l y  gave r e s u l t s  which s a t i s f i e d  a t  l e a s t  
one o f  the c r i t e r i a  f o r  a PDA in  R1-R6 l i s t e d  below.
1. F o l low ing  blue i l l u m in a t i o n  a s u b s ta n t ia l  r edu c t ion  in  the ERG 
response  to a constant i n t e n s i t y  t e s t f l a s h  was measured which ( a )  was 
graded accord ing  to the amount o f  l i g h t  d e l i v e r e d  to the p r ep a r a t i o n
(b )  p e r s i s t e d  f o r  more than one minute a f t e r  the b lue l i g h t  was 
switched o f f ,  ( c )  was o f  a magnitude not observed f o l l o w i n g  y e l l o w  
i l l u m in a t i o n  and (d )  was reversed  by y e l l o w  l i g h t .
2. Accompanying the response s i z e  a l t e r a t i o n s  a pro longed s h i f t  in  
the ERG d a rk -b a se l in e  or  a f t e r p o t e n t i a l  was observed .
3. A c l e a r  n e g a t i v e ' c o r r e l a t i o n  between reponse s i z e  and a f t e r p o t e n ­
t i a l  was measured during adap ta t ion  w i th  blue l i g h t  or  r e v e r s a l  w i th  
y e l l o w  l i g h t .
Taking each of  these  c r i t e r i a  as d i a g n o s t i c  o f  a PDA in  R1-R6 a l l  
p r ep a ra t io n s  gave ev idence  demonstrat ing tha t  R1-R6 were  adapted as 
i n  wh i t e - eyed  Drosoph i l a  ( ch a p te r  2 ) .
F i g .  2 i s  a photograph of  a p en w r i t e r  r eco rd ing  from one of 
the  c innabar p r ep a r a t i o n s .  I t  demonstrates the s h i f t  in  the ERG 
b a s e l i n e  ( a f t e r p o t e n t i a l )  f o l l o w i n g  blue  l i g h t .  The r e v e r s a l  o f  t h i s  
e f f e c t  w i th  y e l l o w  l i g h t  i s  a lso  shown. F igu re  3 p res en ts  ev idence  
su gges t in g  tha t  the p rog ress  o f  b lu e -a d a p ta t i o n  i s  governed by the 
amount o f  b lue l i g h t  in  the st imulus,  a r e s u l t  which i s  c o n s i s t en t
w i t h  f in d in g s  in  the w h i t e  eyed mutant ( chap te r  2 ) .
In  a l l  o f  the f l i e s  in v e s t i g a t e d  10 s o f  y e l l o w  l i g h t  a t  16 W
m“ 2 was s u f f i c i e n t  to b r ing  about 90% r e v e r s a l  o f  the e f f e c t s  o f  blue 
l i g h t .  F igu re  4 shows the r e v e r s a l  of  the a f t e r p o t e n t i a l  s h i f t s  by 
y e l l o w  l i g h t  a t  1.6 W m~2. The h a l f t im e  f o r  r e v e r s i o n  under these  
c o n d i t i o n s  was about 25 seconds.  In c on t ra s t  only  a v e ry  small
d e c l i n e  in  a f t e r p o t e n t i a l  was observed during 3.5  hours o f  darkness 
f o l l o w i n g  f u l l  blue adap ta t ion .  Y e l l o w  l i g h t  r e s to red  the a f t e r p o t e n ­
t i a l  and the response amplitude to the dark-adapted l e v e l  as in  
f i g u r e  2. These r e s u l t s ,  wh i le  q u a l i t a t i v e ,  a r e  c o n s i s t en t  w i th  the 
behav iour  of  R1-R6 in  wh i t e - eyed  Drosoph i la  ( ch a p te r  2) and in d i c a t e  
th a t  the ra te - c o n s ta n t  f o r  the dark r e v e r s i o n  o f  metarhodopsin M580 
t o  rhosdops in  R480 i s  the same in  c innabar  as in  wh i te -eyed  
D rosoph i la  ( s e e  chapter  2 ) .
The c o r r e l a t i o n  between response amplitude and a f t e r p o t e n t i a l  
i s  demonstrated in  F igu re  5. F igu re  5a shows t h i s  c o r r e l a t i o n  ( r  = 
-0 .985 ,  d f  = 11, P<0.01 ) in  data from an experiment l a s t i n g  15
minutes using the w i l d t y p e .  F igu re  5b shows the c o r r e l a t i o n  obtained 
( r  = -0 .90 ,  d f  = 22, P<0.01 ) from a cinnabar p rep a ra t io n ;  the po in t s
F igu re  2: A p cn w r i t e r  r e co rd in g  demonstrating the pro longed a f t e r p o ­
t e n t i a l  in  the ERG o f  a c innabar  Drosoph i l a . A f t e r  16 minutes of  blue 
l i g h t  (0 .14  W m“ 2) a s u b s ta n t ia l  s h i f t  in  the d a r k - l e v e l  o f  the ERG 
p e r s i s t s  f o r  a t  l e a s t  1 minute in  darkness (PCNA). The c i r c l e s  
i n d i c a t e  tha t  a t e s t f l a s h  was d e l i v e r e d .  Ten second doses o f  y e l l o w  
l i g h t  (1 .6  W m~2) r e s t o r e  the ERG b a s e l i n e  and the response amplitude 
to  the dark-adapted l e v e l .  L a r g e r  doses o f  y e l l o w  l i g h t  (1 min and 2 
min are  shown) a r e  f o l l o w e d  by a f t e r p o t e n t i a l s  but never  of  the 
magnitude observed a f t e r  blue l i g h t .  The z e r o  of  the ERG (mV) s c a l e  
i s  the mean o f  ten measurements made 1 min a f t e r  y e l l o w  adap ta t ion  
dur ing  6 hours o f  exper iments .  The f i g u r e  i l l u s t r a t e s  how response  
ampli tude ( r a )  and a f t e r p o t e n t i a l  (Va) were  measured from the 
o r i g i n a l  r e c o rd in g s .  Th is  f i g u r e  should be compared w i th  the s im i l a r  
F i g u r e  1 in  chapter  2 which shows a record  from a wh i t e - eyed  f l y .  The 
source  o f  the p e r i o d i c  n o is e ,  which should not be confused w i th  the 
response  ampl i tude,  i s  unc lea r .
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F ig u re  3: The a f t e r p o t e n t i a l  one minute a f t e r  adap ta t ion  i s  p l o t t e d
a g a in s t  the d u ra t ion  o f  exposure  to blue l i g h t .  Each p o in t  i s  an 
independent measurement from a cinnabar f l y .  The exper iments  were 
c a r r i e d  out o ve r  a s i x  hour p e r i o d :  d . c .  p o t e n t i a l s  were  measured
from the same r e f e r e n c e  p o t e n t i a l  throughout the exper iments .  C i r c ­
l e s :  a d ap ta t io n  w i th  blue l i g h t  a t  1.4 W m- 2; squares:  ad ap ta t io n
w i t h  blue l i g h t  a t  0.14 W m- 2. The po in t s  f a l l  on a s i m i l a r  curve 
s u gg es t in g  th a t  the amount of  ad ap ta t ion  i s  c o n t r o l l e d  by the amount 
o f  b lue  l i g h t  d e l i v e r e d .
>
E
F ig u re  4: The r e v e r s a l  o f  the e f f e c t s  o f  b lue  l i g h t  shown by squares 
i n  F i g u r e  3. Y e l l o w  l i g h t  a t  1.6 W m“ 2 r e s t o r e s  the a f t e r p o t e n t i a l  to 
i t s  o r i g i n a l  l e v e l .  The a f t e r p o t e n t i a l  was measured 1 min a f t e r  
y e l l o w  a d ap ta t io n .
>
E
F igu re  5: Examples o f  c o r r e l a t i o n s  between response amplitude to a
f i x e d  i n t e n s i t y  t e s t f l a s h  ( r a )  and the a f t e r p o t e n t i a l  ( V a ) . F ig .  5a 
shows data  from a w i l d t y p e  f l y ;  the z e ro  on the a f t e r p o t e n t i a l  s c a l e  
i s  a r b i t r a r y  ( r  = -0 .985 ,  d f  = 11, P<0.01, s lope  = -0 .91 + 0.049
( S . E . ) ) .  F i g .  5b shows data  from the c innabar f l y  o f  F i g s .  2, 3 and 
4; the data  were  c o l l e c t e d  s y s t e m a t i c a l l y  dur ing experiments  o ve r  a 
s i x  hour p e r iod  ( r  = -0 .904 ,  d f  = 22, P<0.01,  s lope  = -0 .55  + 0.056 
( S . E . ) ) .  The data  f o r  both c o r r e l a t i o n s  were obta ined t h i r t y  seconds 
a f t e r  smal l  doses of  y e l l o w  l i g h t  a t  1.6 W m-  ̂ which reversed  p r i o r  
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p l o t t e d  were taken s y s t e m a t i c a l l y  during a s e r i e s  o f  experiments 
l a s t i n g  6 hours. The z e r o  on the a f t e r p o t e n t i a l  c o - o r d in a t e  i s  the 
mean o f  ten measurements o f  the a f t e r p o t e n t i a l  l e v e l  made one minute 
a f t e r  complete  y e l l o w  ad ap ta t i o n  as i t  i s  in  F igu res  2, 3 and 4. The 
unusual d . c .  s t a b i l i t y  o f  t h i s  p r ep a ra t i o n  perm it ted  t h i s  demonstra­
t i o n  o f  the a f t e r p o t e n t i a l  e f f e c t  ove r  long time p e r i o d s :  p r e v i o u s l y
r e p o r t e d  c o r r e l a t i o n s  were obta ined during much s h o r t e r  exper iments .
The d i f f e r e n c e  in  the s lope  o f  the r e g r e s s i o n  between the 
w i l d t y p e  and the c innabar f l y  i s  in  par t  due to d i f f e r e n c e s  in  the 
dark-adapted  response amplitude ( e . g .  s ee  chapter  2 ) ,  but a c t i v a t i o n  
o f  the " p u p i l  mechanism" i n  the w i ld t y p e  during the PDA may a lso  have 
c o n t r i b u t e d .
3 .2 :
The "whole  f i e l d "  i l l u m in a t i o n  experiments r epor ted  above were 
repea ted  a t  Edinburgh to s a t i s f y  two g o a l s .
1. To in c r ease  the sample s i z e  o f  w i ld typ e  f l i e s  examined and 
check tha t  the w i ld typ e  s tock  used at  Edinburgh i s  a lso  sub jec t  to 
a f t e r p o t e n t i a l s  in  R1-R6.
2. To counter the p o s s ib l e  o b j e c t i o n  to one o f  the c r i t e r i a  
f o r  an a f t e r p o t e n t i a l  in  R1-R6 used in  part  3 .1 .  The f i r s t  o f  the 
c r i t e r i a  used th e re ,  i t  may be o b j e c t e d ,  i s  not unequivocal  ev idence  
f o r  an a f t e r p o t e n t i a l  in  R1-R6 because the re  a re  th ree  o the r  
mechanisms which could  g i v e  r i s e  to i t .  ( a )  S p e c t r a l  adap ta t ion  
a l t e r s  the amount o f  rhodopsin p resent  in  R1-R6 and th i s  may be 
expected  to a l t e r  '  the number of  photons captured by the v i s u a l  
pigment and r e s u l t  in  the response amplitude changes repor ted  ( e . g .  
s e e  Hamdorf and Schwemer, 1975).  (b )  The presence  o f  l a r g e  q u a n t i t i e s
o f  metarhodops in may d i r e c t l y  suppress the a c t i v i t y  o f  rhodopsin thus 
producing the changes observed ( e . g .  the argument of  Razmjoo and 
Hamdorf, 1976, which i s  examined in  chapter  3 ) .  ( c )  The changes may 
be due to the a c t i v a t i o n  of  the " p u p i l  mechanism" in  the w i ld ty p e  
( s e e  F ra n cesch in i ,  1975; S tavenga,  1976).  For t h i s  reason the second 
c r i t e r i o n ,  a measured s h i f t  in  the a f t e r p o t e n t i a l ,  i s  c l o s e l y  checked 
i n  t h i s  s e c t i o n .  The regime used i n e v i t a b l e  concen t ra tes  on the 
e f f e c t s  o f  b lue  l i g h t  upon the response ampl i tude.  This  i s  because 
the  d . c .  s t a b i l i t y  o f  the p repara t ions  o ve r  the long adap ta t ion  
p e r i o d s  used was o f t e n  poor  ( judged  by the v a r i a b i l i t y  in  the ERG 
b a s e l i n e  a f t e r  each o f  the per iods  o f  orange a d a p ta t i o n ) .
S i x t y  one experiments  were  performed on 10 w i l d t y p e  f l i e s .  The 
f l i e s  were  sub jec ted  to doses o f  l i g h t  o f  v a r i o u s  i n t e n s i t i e s  f o r  
p e r i o d s  o f  1 to 45 minutes.  A f t e r  each dose the f l y  was kept  in  
darkness ( e x c e p t  f o r  the t e s t l i g h t  which f la shed  cont inuous ly  during 
the  exper iments )  f o r  two minutes.  At th i s  time the response amplitude 
and ERG b a s e l i n e  were  compared w i th  t h e i r  r e s p e c t i v e  va lues  immedia­
t e l y  b e f o r e  adap ta t ion .  During the two minute dark p e r iod  the 
response  amplitude increased  i n  s i z e  (dark  adap ta t ion  and re cov e r y  o f  
b r i e f  a f t e r p o t e n t i a l ,  chapter  4) but was w i th in  a few percent  o f  i t s  
asymptote  by the end o f  the two minute p e r i o d .  At the end of  t h i s  
p e r i o d  a 10 s pu lse  o f  orange l i g h t  was a p p l i e d ,  f o l l o w e d  by another  
two minutes o f  darkness a t  the end of  which the response amplitude 
and ERG b a s e l i n e  were  compared w i th  th e i r  r e s p e c t i v e  va lues  immedia­
t e l y  b e f o r e  the orange i l l u m in a t i o n .
Each exper imenta l  sequence was separated by a 1 minute pulse  
o f  orange and a 2 minute dark p e r iod .
F i f t y  th ree  o f  61 experiments  (Ch i -square  = 33.2, d f  = 1,
P<0.005) in  10 out o f  10 w i ld t y p e  f l i e s  showed a c l e a r  r edu c t io n  in
response  amplitude two minutes a f t e r  b lu e -a d a p ta t i o n .  In  a l l  53 o f  
th ese  cases the response amplitude then increased  a f t e r  orange-adap-
t a t i o n .  In a l l  o f  the f l i e s  in  which an exper iment gave a n eg a t i v e
r e s u l t  a p o s i t i v e  r e s u l t  was obta ined when a l a r g e r  dose o f  blue 
l i g h t  was d e l i v e r e d .  Thus no p rep a ra t i o n  f a i l e d  to s a t i s f y  the 
response  amplitude c r i t e r i a  o f  b lue/orange  adap ta t ion  in  R1-R6
F o r t y  th ree  o f  61 exper iments  (Ch i -square  = 10.25, d f  = 1,
PcO.005) in  7 out o f  10 w i ld t y p e  f l i e s  r e su l t ed  in  an in c rease  in  the 
ERG b a s e l i n e  f o l l o w in g  blue i l l u m in a t i o n  and a c l e a r  r edu c t ion  
f o l l o w i n g  the subsequent orange i l lu m in a t i o n .
The th ree  w i ld t y p e  f l i e s  in  which the a f t e r p o t e n t i a l  s h i f t  was 
not e v id en t  were judged to be no isy  and d . c .  uns tab le  by independent 
c r i t e r i a .  In  the w i ld t y p e  f l i e s  which gave d . c .  s t a b l e  r e co rd ings  the 
e v id en ce  f o r  the ERG a f t e r p o t e n t i a l  s h i f t s  was c l e a r  cut ( F i g .  6 ) .
These  r e s u l t s  e s t a b l i s h  that a d e p o la r i s in g  a f t e r p o t e n t i a l  
f o l l o w s  b lue l i g h t  in  w i ld t y p e  D ro s o p h i l a . This  i s  not c o n s i s t e n t  
w i t h  any o f  the a l t e r n a t i v e  exp lana t ions  of  b lue/orange  adap ta t ion  in  
w i l d t y p e  Drosoph i l a  l i s t e d  above.
Four w i l d t y p e  and 4 wh i t e - eyed  Drosoph i l a  were adapted in  the 
i l lu m in a t e d  sphere in  o rder  to compare the amount o f  b lue l i g h t
r e q u i r ed  to produce the ad ap ta t ion a l  changes.
In  the w i ld typ e  the change in  response amplitude e l i c i t e d  by 
b lue  l i g h t  i s  an asymptot ic  fu n c t io n  o f  the amount o f  blue l i g h t  
d e l i v e r e d  ( F i g .  7 ) .  Table  2 r e p o r t s  the c o r r e l a t i o n  c o e f f i c i e n t s  and 
r a t e  constants  obta ined  by f i t t i n g  the data to an equa t ion  of  the 
form y = A + B e~^-x , where x i s  the dura t ion  o f  i l l u m in a t i o n  w i th  
b lue  l i g h t  and R i s  the r a t e  constant f o r  adap ta t ion .  The equa t ion  i s  









F ig u re  6: A p en w r i t e r  record  demonstrating a p a r t i a l  PCNA in
w i l d t y p e  D r o s o p h i l a .
B l u e O r a n g e
F igu re  7: The f i g u r e  shows the p ro g r e s s i v e  r edu c t ion  in  the response 
ampli tude to a f i x e d  i n t e n s i t y  st imulus a f t e r  exposure to blue l i g h t .  

































Table 2* The rate constant, R, and correlation coefficients
fo r the equation y <= A + B e^x fitted  to the response 
amplitude (y ) versus time of exposure to blue light  
(x ) in wild type Drosophila,,
R -  S.D. (min"'1') r df P c
wild 1 -0.415 -  0 .12 7 0.9645 4 0 .0 1
■wild 2 - 0 .2 3 4  -  0.16 2 0.9622 4 0 .0 1
wild 5 -0.117 -  0 .0 2 7 0.9639 14 0 .0 1













F ig u re  8: As f i g u r e  7 but showing data from wh i te -eyed  f l i e s .
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Table 3. Mean rate constants for reduction in response 
amplitude a fte r exposure to blue ligh t for  
wild type and white-eyed Drosophila.
R -  S.D. Ratio“ b  . 1 ) ,
(m in"l)
vdld type 0.21 t 0.15 1
white-eye 1 0 .5 2  -  3.97 5 0 .1
t-value
5.16
Tab le  3 shows the mean. In the w h i t e -eyed  f l i e s  the response 
ampl itude was a sigmoid fu n c t io n  o f  the amount o f  b lue l i g h t  
d e l i v e r e d  as r epor ted  in  chapter  4 ( F i g .  8 ) .  The e x p la n a t i o n  o f  t h i s  
d i f f e r e n c e  in  fu n c t i o n a l  response probably  l i e s  in  the f a c t  tha t  the 
w i l d t y p e  eyes were not e ven ly  i l lu m in a ted  so tha t  some c e l l s  were 
b lue -adap ted  more r a p id l y  than o th e r s .  The dose o f  l i g h t  requ i red  f o r  
63% redu c t ion  in  the response amplitude from the w h i t e - eyed  f l i e s  was 
e s t im ated  from the p l o t t e d  data  g i v i n g  the mean va lue  f o r  the r a t e  
cons tan t  g i v e n  in  Tab le  3.
The a n a l y s i s  in d i c a t e s  tha t  using the set -up  a t  Edinburgh the 
w i l d t y p e  r e q u i r e s  50 t imes more l i g h t  f o r  b lu e -a d a p ta t i o n  than the 
w h i t e - e yed  f l y  even under "whole f i e l d "  i l l u m in a t i o n  ( t  = 5.16,  d f  
6,  P<0.005, t t e s t  on r a t e  c o n s ta n t s ) .  I t  i s  obv ious  tha t  even under
"whole  f i e l d "  i l l u m in a t i o n ,  on ly  a small  f r a c t i o n  o f  the l i g h t  
e x c i t i n g  i n d i v i d u a l  r e t i n u l a  c e l l s  R1-R6 en te r s  through the p h y s io l o ­
g i c a l l y  r e l e v a n t  d i o p t r i c  apparatus o f  tha t  c e l l .
4: DISCUSSION
The r e s u l t s  c l e a r l y  demonstrate  that w i ld t y p e  Drosoph i l a  can be blue 
adapted and orange adapted in  the same way as wh i te -eyed  f l i e s .  I t  i s  
e v i d e n t  tha t  long term changes in  the ERG b a s e l i n e  a re  induced by the 
s p e c t r a l  adap ta t ion  used. I  conc lude,  f o l l o w i n g  the arguments g i v e n  
i n  chapter  2 f o r  wh i t e -eyed  Drosoph i l a , tha t  w i ld t y p e  (and c innabar )  
Drosoph i l a  expe r ience  long l a s t i n g  changes in  the r e s t i n g  p o t e n t i a l  
a c ro ss  the membranes of  r e t i n u l a  c e l l s  R1-R6 in  the r e t i n a ,  and that 
the  changes in  r e s t in g  p o t e n t i a l  a re  c o n t r o l l e d  by the amount of 
metarhodops in  remaining a f t e r  v i s u a l  t ransduc t ion .  The changed r e s ­
t i n g  p o t e n t i a l ,  or  a f t e r p o t e n t i a l ,  in  each of  these  c e l l s  i s  thus
governed by the s p e c t r a l  h i s t o r y  o f  tha t  c e l l .
Two d i f f e r e n c e s  were  noted between the genotypes .  I .  The shape 
o f  the r e l a t i o n s h i p  between the induced ad ap ta t ion  and the amount of  
b lu e  l i g h t  d e l i v e r e d  i s  d i f f e r e n t .  2. The amount o f  l i g h t  requ ired  to 
e f f e c t  the adap ta t ion  i s  l a r g e r  in  w i ld t y p e  f l i e s .  The f i r s t  o f  these  
i s  probab ly  due to h e t e r o g e n e i t i e s  in  the i l l u m in a t i o n  o f  r e t i n u l a  
c e l l s  in  the w i l d t y p e .  The l a t t e r  may r e p r es en t  a g e n e t i c  d i f f e r e n c e  
between the f l i e s  but i s  more l i k e l y  due to the ab so rp t ion  of  l i g h t  
by the s c reen ing  pigments  o f  the w i l d t y p e .  There  i s  every  reason  to 
conc lude tha t  the b lue/orange  ad ap ta t ion  descr ibed  in  the wh i t e -eyed  
mutant occurs in  w i l d t y p e  f l i e s  and tha t  the wh i t e -eyed  f l i e s  p rov ide  
an adaquate model o f  the v i s u a l  p rocess  in  the w i l d t y p e .
The behav ioura l  r e s u l t s  o f  Willmund and Fischbach (1977) a r e  
c l e a r l y  l a r g e l y  exp la ined  by a p ro loged  a f t e r p o t e n t i a l  in  R1-R6 and 
the  consequent r edu c t ion  in  the response amplitude from these  c e l l s .  
T h is  chapter  thus demonstrates tha t  the behav ioura l  m o d i f i c a t i o n  
r e p o r t e d  by Willmund and Fischbach (1977) i s  a b ehav ioura l  conse­
quence o f  changes in  the r e s t i n g  p o t e n t i a l  o f  primary sensory c e l l s .  
A t t e n t i o n  i s  thus focussed  on p e r ip h e r a l  p rocess ing  o f  o p t i c a l  
in f o r m a t io n  and the behav ioura l  importance o f  changes in  r e s t i n g  
p o t e n t i a l  (Mendelson, 1971).
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1: In t r o d u c t i o n
E l e c t r i c a l  r e co rd ings  o f  the susta ined changes in  p o t e n t i a l  asso­
c i a t e d  w i th  b lue/orange  adap ta t ion  in  R1-R6 o f  Drosoph i l a  are  of  
o p p o s i t e  p o l a r i t y  but e s s e n t i a l l y  s im i l a r  in  form whether recorded 
w i t h  e x t r a c e l l u l a r  or  i n t r a c e l l u l a r  e l e c t r o d e s  ( e . g .  see  chapter  2 
and Minke e t  a l . , 1975).  Because o f  t h i s ,  and the f a c t  tha t  the
transmembrane p o t e n t i a l  o f  R1-R6 i s  equal to the i n t r a c e l l u l a r  
p o t e n t i a l  minus the e x t r a c e l l u l a r  p o t e n t i a l ,  these  th ree  p o t e n t i a l s  
must be o f  s i m i l a r  form. Th is  in f e r e n c e  i s  supported by transmembrane 
re co rd in g s  from the d r o n e f l y  E r i s t a l i s  (Tsukahara e t  a l . ,  1977),  and 
appears to c on t ra s t  w i th  r e s u l t s  from o the r  spe c ie s  ( S e p i o l a : Pynsent 
and Duncan, 1977).  The reason f o r  t h i s  d i f f e r e n c e  may be a p e c u l i a ­
r i t y  o f  the anatomy o f  in s e c t  v i s u a l  systems, and the way in  which 
the  ERG i s  reco rded .  The ERG o f  i n s e c t s  (and o f t e n  the i n t r a c e l l u l a r  
p o t e n t i a l ,  e . g .  Minke e t  a l . ,  1975) i s  recorded r e l a t i v e  to a remote 
i n d i f f e r e n t  e l e c t r o d e  in  the haemolymph. This  e l e c t r o d e  i s  o f t e n
p laced  in  the thorax or  in  the p ro b o s c i s .  I t  has been known f o r  some
years  ( e . g .  Burt t  e t  a l . ,  1965) th a t  standing d . c .  p o t e n t i a l s  e x i s t
w i t h in  the in s e c t  o p t i c  lobe  and r e t i n a  and between these  s t ru c tu re s  
and the genera l  haemolymph. These d . c .  p o t e n t i a l  d i f f e r e n c e s  imply 
the  e x i s t e n c e  of  h igh  r e s i s t a n c e  b a r r i e r s  ( " b a r r i e r  membranes") which 
e f f e c t i v e l y  i s o l a t e  these  pa r t s  o f  the nervous system from the 
g e n e ra l  haemolymph, and d e f i n e  compartments w i t h in  the eye.
He isenberg  (1971) has app l ied  the " b a r r i e r  membrane" concept 
to  D ro s o p h i l a . He suggested,  from e l e c t r i c a l  measurements, tha t  a t  
l e a s t  two b a r r i e r s  e x i s t  in  th i s  s p e c i e s ,  one separa t ing  the 
p e r i p h e r a l  r e t i n a  from the lamina in  a p o s i t i o n  s i m i l a r  to a basement 
membrane, and the second separa t ing  the lamina from the haemolymph.
Shaw (1977) has measured the e l e c t r i c a l  r e s i s t a n c e  between s i m i l a r  
p u t a t i v e  e x t r a c e l l u l a r  compartments in  the l o c u s t .  These measurements 
and observed  r e s t r i c t i o n s  on the exchange o f  dye markers between 
these  areas s t r o n g l y  support the compartment hypo thes is .
Th is  chapter  examines the behav iour  o f  neurons in s id e  an i d e a l  
compartment. That i s ,  one which i s  c om p le te ly  i s o l a t e d  from the 
p o in t  o f  p o t e n t i a l  r e f e r e n c e .  Under these  c ircumstances  the v a r io u s  
" r e s i s t i v e "  models o f  e x t r a c e l l u l a r  p o t e n t i a l s  are  in s o lu b l e  ( e . g .  
Duncan and Croghan, 1973; Shaw, 1975).  The model i s  thus i n t e r e s t i n g  
t h e o r e t i c a l l y  because i t  accounts  f o r  e x t r a c e l l u l a r  p o t e n t i a l s  in  the 
absence of  curren t  f l o w  through an e x t r a c e l l u l a r  r e s i s t o r .  The model 
r e l i e s  on the concept  o f  capac i tan ce .
2: R esu l t s
2 .1 :  The Model
Consider  a group o f ,  say, j  neurons and th e i r  shared e x t r a c e l l u l a r  
space  to be conta ined w i t h in  an e l e c t r o n e u t r a l  iso  la  ted compa r tm en t . 
Fur the r  c ons ide r  tha t  a t  e q u i l i b r iu m  the e x t r a c e l l u l a r  space i s  
i s o p o t e n t i a l  and the in s id e  of  each neuron i s  i s o p o t e n t i a l . The model 
thus r e l a t e s  to an i d e a l i s e d  compartment which does not exchange 
charge w i th  i t s  surroundings .  That i s ,  the r e s i s t a n c e  between the 
compartment and the remainder o f  space i s  i n f i n i t e .  The model a lso  
assumes tha t  the transmembrane po t e n t i a l  o f  each c e l l  w i t h in  the 
compartment i s  uniform ove r  i t s  e n t i r e  s u r f a c e . The p o t e n t i a l s  w i th in  
t h i s  compartment w i l l  be taken as the a s o lu t e  p o t e n t i a l s  represented  
here  as p o t e n t i a l s  to ground: VO and V i .  The charge w i t h in  each c e l l  
and w i t h in  the e x t r a c e l l u l a r  space a re  represented  by q i  and qO. CO
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and C i  r ep resen t  the capac i tances  w i th in  the compartment to ground 
and C = q/V by d e f i n i t i o n .
The model i s  intended to correspond to the compartment o f  the 
p e r i p h e r a l  r e t i n a  o f  Drosoph i l a , and ground i s  taken to r epresen t  the 
l o c a t i o n  of  the remote i n d i f f e r e n t  e l e c t r o d e  in  the body haemolymph. 
The necessary  assumption o f  the model i s  tha t  no exchange o f  charge 
occurs  between the compartment and the remainder o f  the animal.  The 
r e s u l t s ,  however ,  should apply  when on ly  v e ry  smal l  exchanges of
charge  have o cc u r red > f o r  in s tan ce ,  when on ly  a smal l  time has
e lap sed  s in c e  an exchange o f  charge across  c e l l  membranes w i th in  the 
compartment.
S o lu t ion s  a re  prov ided  f o r  the r e l a t i o n s h ip  between i n t r a c e l ­
l u l a r  and e x t r a c e l l u l a r  p o t e n t i a l s  and the transmembrane p o t e n t i a l s  
in  two cases .  1: A genera l  s o l u t i o n .  2: A s p e c i a l  case s o l u t i o n  when
i t  i s  assumed tha t  a l l  c e l l s  have equal capac i tances .
2 .2 :  So lu t ions
2.21: Genera l  case
The e x t r a c e l l u l a r  p o t e n t i a l  w i t h in  an i s o l a t e d  e l e c t r o n e u t r a l  compar­
tment i s  a simple  fu n c t i o n  o f  the i n t r a c e l l u l a r  p o t e n t i a l s  of  each 
c e l l  w i t h in  the compartment and the capac i tances  o f  these  c e l l s :
VO = -  £ ( V i .C i ) / C 0  ( e qn . A4: s e e  appendix)
The transmembrane p o t e n t i a l  o f  each c e l l  i s  ViO = Vi -  VO from which 
can be obta ined  the r e l a t i o n s h ip  between the e x t r a c e l l u l a r  p o t e n t i a l  
and the transmembrane p o t e n t i a l s  o f  c e l l s  w i th in  the compartment:
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VO = -  £ (C i .V iO )/ (C O .  (1 + £ ( C i / C O ) ) (eqn. A8)
2.22:  Spec ia l  case s o lu t i o n
A more t r a c t a b l e  s o lu t i o n  i s  obta ined  i f  i t  i s  assumed tha t  a l l  of 
the  c e l l s  w i t h in  the compartment have equal va lues  o f  capac i tance  to 
ground. In th i s  case the e x t r a c e l l u l a r  p o t e n t i a l  i s  d i r e c t l y  propor­
t i o n a l  to the mean ■transmembrane p o t e n t i a l  o f  c e l l s  w i th in  the 
compartment:
where r = CE/CO and CE i s  the capac i tance  o f  an e q u iv a l e n t  lumped 
i n t r a -  to e x t r a c e l l u l a r  space:
CE = (n C i .C O )/ (nCi  + CO)
The e x t r a c e l l u l a r  p o t e n t i a l  i s  r e l a t e d  to the mean i n t r a c e l l u l a r  
p o t e n t i a l  accord ing  to the equat ion :
VO = - V i . (nCi/CO) (eqn. A14)
3: D iscuss ion
The model p r e d i c t s  tha t  the e x t r a c e l l u l a r  p o t e n t i a l  recorded in  an
o
i d e a l  compartment i s  d i r e c t l y  p r o p o r t in a l  to the mean i n t r a c e l l u l a r  
p o t e n t i a l  of  c e l l s  w i th in  i t ,  and i s  o f  o p p o s i t e  s i gn ;  and tha t  both
ex t ra c e l lu la r  and in t ra ce l lu la r  p o t e n t i a l s  are  d i r e c t l y  p r o p o r t ih a l  to
VO = -  r .V iO (eqn. A12)
o
the  transmembrane p o t e n t i a l  o f  c e l l s  w i t h in  the compartment. S imulta­
neous i n t r a c e l l u a r  and e x t r a c e l l u l a r  reco rd ings  are  r equ i red  to t e s t  
these  p r e d i c t i o n s  r i g o r o u s l y ,  but as noted in  chapter  2 the a v a i l a b l e  
e v id en c e  i s  in  accord w i th  these  p r e d i c t i o n s .
The use o f  c e l l  capac i tance  to p r e d i c t  s tanding d . c .  p o t e n t i a l s  
appears  to be nove l  and stands in  c on t ra s t  to models which r e l y  on 
cu r ren t  f l ow  through e x t r a c e l l u l a r  r e s i s t o r s  ( e . g .  Shaw, 1975; Duncan 
and Croghan, 1973' ; s ee  a lso  Rod iek,  1973).  I t  remains to be 
determined e x p e r im e n ta l l y  what c o n t r i b u t i o n  c e l l  capac i tance  a c t u a l l y  
makes to the d i s t r i b u t i o n  o f  d . c .  p o t e n t i a l s :  the r e s u l t  w i l l  depend 
upon how c l o s e l y  the r e a l  compartments w i th in  the nervous system 
correspond to the i d e a l  presented  he re .  However, as noted,  the c e l l  
c ap ac i tan ce  may c o n t r ib u t e  to the k i n e t i c s  o f  i n t r a c e l l u l a r  and 
e x t r a c e l l u l a r  responses because a t  v e r y  short  time i n t e r v a l s  a f t e r  a 
r e d i s t r i b u t i o n  o f  charge ac ross  c e l l  membranes w i th in  the compartment 
the  compartment approximates  to i d e a l  ( v e r y  smal l  exchange o f  charge 
a c ro s s  the compartment boundary ) .  The p resent  a n a l y s i s  sugges ts  tha t  
an a n a l y s i s  o f  the k in e t i c s  o f  i n t r a  and e x t r a c e l l u a r  p o t e n t i a l s  may 
g a in  from con s ide r in g  the membrane capac i tance  to be in  s e r i e s  w i th  
the  capac i tance  o f  the e x t r a c e l l u l a r  space to ground ( s e e  F i g .  1 ) .
However,  i t  must be noted tha t  the p e r ip h e r a l  r e t i n a  o f  
Drosop h i l a  cannot be an i d e a l  compartment. For in s tan ce ,  the axons of  
the  p h o to r e c ep to r  c e l l s  pass out o f  the r e t i n a l  compartment in to  the 
lamina compartment where the e x t r a c e l l u l a r  space is.  a t  a d i f f e r e n t  
p o t e n t i a l  (H e isenberg ,  1971).  These axons cannot be i s o p o t e n t i a l  and 
m a in ta in  a uniform'transmembrane p o t e n t i a l ,  so th e re  must be a f l ow  
o f  i n t r a c e l l u l a r  cu r ren t .  The i d e a l i s e d  model descr ibed  above f a i l s  
to  account f o r  the presence o f  l a m in a - o r i g in  t r a n s i e n t s  in  the ERG. A
F ig u re  1: The usual r e p r e s e n ta t i o n  of  the capac i tance  o f  a neuron i s  
shown in  A. Here the membrane capac i tan ce ,  Cm, i s  taken to r epresen t  
the capac i tance  between the i n t r a c e l l u l a r  space o f  the neuron and the 
e x t r a c e l l u l a r  space surrounding i t .  Th is  r e p r e s e n t a t i o n  holds true i f  
the  e x t r a c e l l u l a r  space i s  grounded as in  A. When the e x t r a c e l l u l a r  
space i s  not grounded, as in  B, and l i e s  in  an i d e a l  compartment the 
c a p ac i tan ce  across  the c e l l  membrane c o n s i s t s  o f  two components in  
s e r i e s ,  Ci the capac i tance  o f  the i n t r a c e l l u l a r  space to ground and 
CO the capac i tance  o f  the e x t r a c e l l u l a r  space to ground. Ci c o r r e s ­
ponds to Cm. The capac i tance  o f  the e x t r a c e l l u l a r  space w i th in  a 
compartment w i l l  c l e a r l y  a l t e r  the behaviour of  the neuron. For 
in s t a n c e ,  the sm a l l e r  i s  the va lue  of  CO the l e s s  i s  the charge tha t  
need be t r a n s f e r r e d  across  the membrane to e f f e c t  a g i v e n  change in  







more d e t a i l e d  knowledge o f  the pathways o f  charge  exchange between 
e x t r a c e l l u l a r  compartments i s  r equ i r ed .
A marr iage  o f  the capac i tance  model descr ibed  here  and the 
r e s i s t i v e  model o f  Shaw (1975) i s  b r i e f l y  d iscussed  in  the concluding 
chap te r .
4: Appendix
V i  = q i/ C i  (eqn. A1 ; from the d e f i n i t i o n  o f  capac i tan ce )
q0 = - £ q i  (eqn. A2; from e l e c t r o n e u t r a l i t y )
T h e re fo  re
VO = - iq i/CO (eqn. A3; VO = qO/CO)
and
VO = - £ (V i .C i ) / C 0  (eqn. A4; q i  = V i . C i  from eqn. A l )
Now
ViO = V i  -  VO (eqn. A5; from the loop theorem)
and
ViO = q i/C i  -  qO/CO '
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C i .V iO  = q i  -  qO.Ci/CO
£ C i .V i O  = £ q i  -  q0 .2 (C i/C0 )  (eqn.  A6)
and
-¿ C i .V iO  = qO + qO.£Ci/CO ( s u b s t i t u t in g  f o r  q i  from eqn. 2)
= qO (1 + ¿Ci/CO)
th e r e f o r e
qO = - ( £ C i . V i O ) / ( l  +  ¿Ci/CO) (eqn. A7)
T h is  i s  the gen era l  s o l u t i o n  f o r  the charge in  the e x t r a c e l l u l a r  
space  o f  an i d e a l  compartment. From i t ,  the genera l  s o l u t i o n  f o r  the 
e x t r a c e l l u l a r  p o t e n t i a l  i s
VO = -  ( £ C i . V i 0 ) / ( C 0 . ( l  + ¿ C i/ C 0 ) ) (eqn.  A8)
In  the s p e c i a l  case when a l l  Ci  va lues  a re  i d e n t i c a l  equa t ion  A7 
s i m p l i f i e s  to
qO = -  ( C i . £ V i O ) /(1 + nCi/CO) (eqn. A9; f o r  n neurons)
T h is  equa t ion  s i m p l i f i e s  to
qO = -¿V iO .C i .CO/ (nC i  + CO) (eqn. A10)
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o r
qO = -  CE.ViO (eqn.  A l l ;  CE = (n C i .C O )/ (nCi  + CO); ViO = 2ViO/n)
S ince  qO = - ¿ q i , CE i s  the capac i tance  o f  the lumped i n t r a -  to 
e x t r a c e l l u l a r  space.  From equa t ion  A l l ,  and p u t t in g  CE/CO = r ,  which 
w i l l  be a parameter  c h a r a c t e r i s t i c  o f  each compartment system, the 
p o t e n t i a l  o f  the e x t r a c e l l u l a r  space becomes
r ,  the compartment parameter ,  i s  equal to the r a t i o  -  VO/ViO and i t s  
v a lu e  i s  determined by the r a t i o  CO/nCi. I t s  equa t ion  i s
which i s  an equa t ion  o f  the form y = 1/(1 + x ) , where x = CO/nCi. 
T h is  fu n c t i o n  i s  cons tra ined  between ze ro  and one; and the magnitude 
o f  r ,  and hence the e x t r a c e l l u l a r  p o t e n t i a l ,  d e c l in e s  as a sigmoid 
fu n c t i o n  o f  the lo ga r i th m  of  the r a t i o  CO/nCi.
In  the s p e c i a l  case when a l l  Ci  va lues  a r e  i d e n t i c a l ,  e qua t ion  A4, 
which r e l a t e s  the e x t r a c e l l u l a r  p o t e n t i a l  to the i n t r a c e l l u l a r  
p o t e n t i a l ,  s i m p l i f i e s  to
VO = - r .V iO (eqn. A12)
r = nC i/ (nC i  + CO) (eqn. A13)









The goa ls  o f  the t h e s i s  which were f o r m a l l y  s e t  out in  chapter  2 
( s e c t i o n  7) have been l a r g e l y  r e a l i s e d  as repo r ted  in  subsequent 
c h a p t e r s .
The pro longed  d e p o la r i s in g  a f t e r p o t e n t i a l  in  the p e r ip h e r a l  
r e t i n a  of  Drosoph i l a  was d escr ibed  in  some d e t a i l  in  chapters  2 and 
4, and the data presented  th e re  support the a s s e r t i o n  tha t  the d . c .  
l e v e l  o f  the ERG p o t e n t i a l  r e f l e c t s  d . c .  changes in  the r e s t in g  
p o t e n t i a l  o f  p h o to r e c ep to r  c e l l s ,  p r i n c i p a l l y  R1-R6. The ERG data  
i n d i c a t e  tha t  the a f t e r p o t e n t i a l  in  R1-R.6 o f  Drosoph i la  d i f f e r s  from 
the  a f t e r p o t e n t i a l  repor ted  in  o the r  spec ies  ( Balanus, Limulus and 
C a l l i p h o r a ) , but t h i s  need not i n d i c a t e  tha t  d i f f e r e n t  mechanisms are  
a t  work. For example,  i t  i s  p o s s i b l e  tha t  the ba lance  of  the 
i n t e r a c t i o n  between c o n t r ib u to r y  mechanisms i s  d i f f e r e n t  in  d i f f e r e n t  
s p e c i e s .
A b i o p h y s i c a l  e xp lan a t io n  o f  the pro longed d e p o la r i s in g  a f t e r ­
p o t e n t i a l  in  Drosoph i l a  was advaticed in  chapter  2. Accord ing  to th i s  
model th e re  i s  a component of  membrane conductance in  R1-R6 which i s  
c o r r e l a t e d  w i th  the amount of  metarhodops in M580. Using th i s  model, 
the  a f t e r p o t e n t i a l  was in co rpo ra ted  in to  mathematical  equations  which 
d e s c r i b e  the input-output  behav iour  o f  sensory r e cep to rs  ( L i p e t z ,  
1969, 1971).  A number of  f e a tu r e s  o f  the behav iour  o f  R1-R6, i n f e r r e d  
from ERG re c o rd in g s ,  a r e  p red ic t ed  by the m od i f i ed  equations  (chap­
t e r s  2 and 3 ) .  The m o d i f i c a t i o n  o f  the equations  o f  L i p e t z  i s  s im i l a r  
to  tha t  used by Laugh l in  (1975) to account f o r  l i g h t - a d a p t a t i o n ,  so 
the  new r e s u l t s  r epor ted  in  chapters  2 and 3 should apply  e q u a l l y  to 
l i g h t - a d a p t a t i o n .
The model p r e d i c t e d ,  and exper imenta l  data  showed, a n eg a t i v e  
c o r r e l a t i o n  between the ERG d . c .  p o t e n t i a l  ( a f t e r p o t e n t i a l )  and the 
response  amplitude e l i c i t e d  by a constant s t imulus .  Th is  c o r r e l a t i o n
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i s  due to ambient l i g h t  and/or the M 580-co rre la ted  conductance. I t  
was suggested in  chapter  2 tha t  the a f t e r p o t e n t i a l  i s  a primary 
determ inant  o f  the response from R1-R6 in  Drosoph i la  and consequent ly  
has important consequences in  the assessment o f  " s e n s i t i v i t y "  ( s e e  
chap te r  3 ) .  This  l a s t  r e s u l t  can be expected  to be g e n e r a l l y  
a p p l i c a b l e .  I f  t h i s  i s  t ru e ,  and the m od i f i ed  equat ions  used in  
chap te r  2 can d es c r ib e  the behav iour  o f  o the r  sensory r e c e p t o r s ,  i t  
would seem w ise  to c a t e g o r i s e ,  and d e s c r ib e ,  ad ap ta t i o n  in  terms of 
the  parameters o f  these  equations  (Vmax, Va, sigma and n ) . Th is  
s u g g e s t i o n  i s  supported by the mathematical  a n a l y s i s  o f  data from 
C a l l i p h o r a  p h o to r e c ep to r s .  The a n a l y s i s  o f  the data  o f  Razmjoo and 
Hamdorf (1976) i n  chapter  3 showed tha t  th e re  were ad ap ta t ion a l  
e f f e c t s  upon Vmax and n a f t e r  b lu e -a d a p ta t i o n ,  i n  a d d i t i o n  to the 
o r i g i n a l l y  r epo r t ed  e f f e c t  upon sigma. Since the r e co rd in gs  were  not 
genuine  d . c .  r e c o r d in g s ,  changes in  Vmax cannot be d i s t in g u is h e d  from 
changes in  Va. Ibwever,  the C a l l i phora data  i s  c o n s i s t e n t  w i th  
changes in  Va as soc ia t ed  w i th  the presence  o f  metarhodopsin .  I t  
should  be i n t e r e s t i n g  to determine the c o n t r ib u t i o n  o f  a f t e r p o t e n ­
t i a l s  to the s p e c t r a l  adap ta t ion  in  C a l l ip h o  ra and o th e r  spec ies  
( e . g .  Asca laphus , D e i l e ph i l a , E ledone : Hamdorf e t  a l . ,  1972, 1973).
We know from the e x t en s i v e  work o f  F ra n cesch in i  and Stavenga tha t  the 
r e t i n u l a  c e l l s  in  the eyes o f  many in s e c t  spec ie s  con ta in  pigment 
g ranu les  which m ig ra te  upon i l l u m in a t i o n  g i v in g  r i s e  to a system of  
s e n s i t i v i t y  c o n t r o l  analogous to the v e r t e b r a t e  pup i l  and hence known 
as the l o n g i tu d in a l  p u p i l .  Stavenga has shown tha t  th e re  i s  a c l o s e  
l i n k  between the m ig r a t i o n  o f  these  pigment granules  and the 
photopigment compos i t ion  ( r e v i e w  o f  D rosoph i la  data  in  F ra n cesch in i ,  
1975; see  Stavenga and Ku iper ,  1977, Stavenga e t  a l . ,  1977).  In
chapter  5 i t  was shown tha t  the d e p o la r i s in g  a f t e r p o t e n t i a l ,  w e l l  
known in  wh i t e - eyed  D ro s o p h i l a , a l s o  occurs in  the red-eyed  w i l d t y p e ,  
and i t  i s  reasonab le  to i n f e r  tha t  the a f t e r p o t e n t i a l  observed in  
R1-R6 o f  cha lky  C a l l ip h o  ra (M u i j s e r  e t  a l . ,  1975) a l so  occurs in  the 
w i l d t y p e  f l y  under exper imenta l  c o n d i t i o n s .  In nature ,  though, the 
red sc reen in g  pigments in  the secondary pigment c e l l s  and the 
l o n g i t u d i n a l  p up i l  of  the r e t i n u l a  c e l l s  must oppose the accumulation 
o f  metarhodops in and the consequent PDA in  w i ld t y p e  f l i e s .  Ibwever ,  
t h i s  p r o t e c t i o n  may not be complete .  Accord ing to Hamdorf e t  a l .  
(1 97 3 ) ,  50% o f  the v i s u a l  pigment o f  C a l l i p h o r a  w i l l  be metarhodopsin 
under d a y l i g h t  i l l u m in a t i o n .  A s i m i l a r  f i g u r e  may w e l l  apply in  
D rosop h i la  because the pigment systems o f  the two f l i e s  a r e  s im i l a r .  
Indeed . in  Drosoph i la  a s l i g h t l y  h igh er  f i g u r e  f o r  the metarhodopsin 
f r a c t i o n  may app ly  because dark r e g e n e r a t i o n  i s  s lower  ( s e e  chapter  
2, c o n t r a s t  Stavenga,  1975).  Such a high va lue  f o r  the metarhodopsin 
f r a c t i o n  in  nature  i s  i n t r i g u in g  because,  i f  t rue ,  i t  im p l i e s  tha t  
a f t e r p o t e n t i a l s  a re  always present  in  d a y l i g h t ,  tha t  t h e i r  magnitude 
w i l l  va ry  w i th  the s p e c t r a l  compos i t ion  o f  d a y l i g h t ,  and hence tha t  
the  behaviour o f  the pho to recep to rs  a l t e r s  throughout the day (n o te  
th a t  the va lue  a v a i l a b l e  i s  based on c a l c u l a t i o n s  not on measureme­
n t )  .
The s p e c t r a l  compos i t ion  of  d a y l i g h t  v a r i e s  through the day.
For  example a t  sunr ise  and sunset the b lue/red r a t i o  of d a y l i g h t  
changes (Johnson e t  a l . ,  1967).  Furthermore, the s p e c t r a l  com pos i t ion  
o f  l i g h t  in  nature  a lso  depends upon l o c a t i o n ;  f o r  in s tance  beneath 
g re en  l e a v es  the blue component o f  d a y l i g h t  i s  enhanced w i th  r espec t  
to  the red (Gates ,  1965 c i t e d  in  R ingo ,  1977).  Ringo argues tha t  the 
s p e c t r a l  dependence of  l e k  behav iour  (a  cour tsh ip  r i t u a l )  i n  male 
D rosoph i la  grimshawi may have evo lved  to match changes in  the
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s p e c t r a l  com pos i t ion  o f  d a y l i g h t .  I t  i s  tempting to  s p e cu la t e  on the 
mechanisms o f  such s p e c t r a l  p r e f e r e n c e .  This  i s  p a r t i c u l a r l y  true 
because o f  the demonstra t ion  in  chapter  5 o f  the b as i s  o f  changes in  
b ehav iour  observed in  the l a b o r a t o r y  (Willmund and Fischbach,  1977).
I t  seems to me tha t  thehcmust be some fu n c t i o n  f o r  the 
a f t e r p o t e n t i a l  because a l l  o f  i t s  known e f f e c t s  appear to d isadvan ta ­
geous y e t  these  cou ld  be minimised by in c r ea s in g  the dark r e v e r s i o n  
r a t e  o f  metarhosops in  to rhodopsin.
A t t e n t i o n  was drawn in  chapters 2 and 4 to  the h y p e r p o l a r i s a t i o n  
which f o l l o w s  i l l u m in a t i o n  o f  Drosoph i l a  p h o to r ec ep to rs ,  p a r t i c u l a r l y  
a f t e r  M to  R c on ve r s ion .  Th is  t r a n s i e n t  h y p e r p o l a r i s a t i o n  and the 
b r i e f  and pro longed  d e p o la r i s in g  a f t e r p o t e n t i a l s  a re  c l e a r l y  antago­
n i s t i c .  I t  was suggested in  chapter  4 th a t  the h y p e r p o l a r i s a t i o n  was 
due to the a c t i v i t y  o f  an e l e c t r o g e n i c  pump. The same su gges t ion ,  and 
a p a r t i c u l a r l y  e l e g a n t  demonstra t ion  o f  the antagonism o f  hyperpo la -  
r i s i n g  and d e p o la r i s in g  a f t e r p o t e n t i a l s  i s  g i v e n  by Tsukahara e t  a l . 
(1977)  who d e s c r ib e  the PDA phenomenon in  the d r o n e f l y  E r i s  t a l i  s . 
L i k e  m yse l f ,  these  authors a re  s c e p t i c a l  o f  the va lue  o f  the 
" e x c i t o r - i n h i b i t i o r "  model in  the i n t e r p r e t a t i o n  o f  the PDA. .However, 
they  s k i r t  the issue  o f  an a l t e r n a t i v e  mechanism.
The "M580-conductance" model advanced in  chapter  2 has been 
d es c r ib ed  adaquate ly  th e re .  As in d i c a t ed  in  chapter  4 the " b r i e f  
a f t e r p o t e n t i a l "  does not f i t  n e a t l y  in to  th i s  model.  The b r i e f  
a f t e r p o t e n t i a l  has some f e a tu r e s  in  common w i th  the s t im u lu s - c o in c i ­
dent o r  f a s t - r e p o l a r i s i n g  response i d e n t i f i e d  in  F i g u re  11 o f  chap ter  
2, and i t  remains '  to comment on th i s  response.  Tsukahara e t  a l . 
(1977) e x p la in  the d i f f e r e n c e  in  the s p e c t r a l  s e n s i t i v i t y  o f  th i s  
response  and the s low r e p o l a r i s i n g  response ( t h e  PDA).
The M580-conductance i s  c l e a r l y  to o  smal l ,  and i t  decays too 
s l o w l y ,  to  make a major c o n t r i b u t i o n  to the s t im u lu s - co in c id e n t
conductance change. But i f  a s i m i l a r  v i s u a l  pigment c o r r e l a t e d  
conductance a r i s e s  p r i o r  to the appearance o f  11580, and decays 
r a p i d l y ,  the f o l l o w in g  model may app ly :  Upon i s o m é r i s a t i o n  R480 i s  
conve r ted  to a s t a t e  M' which induces a high conductance s t a t e  a t  the 
membrane as long as i t  i s  p r e s en t .  M' i s  e i t h e r  a t r a n s i e n t
in t e r m e d ia t e  between R480 and M580 o r  i s  f r e s h l y  formed M580. M' 
r a p i d l y  decays to M580. Accord ing  to Stavenga (19 76),  C a l l i pho ra 
metarhodops in i s  formed w i t h in  30 ms o f  the i r r a d i a t i o n  o f  rhodopsin ,  
bu t ,  o f  course ,  the s p e c u la t i v e  M' may be s p e c t r a l l y  i d e n t i c a l  to 
M580.
The suggested mechanism i s  not in h e r e n t l y  improbable .  Fesenlco 
and Lyubarsk iy  (1977) have in co rpo ra ted  f ragments o f  rod ou ter  
segments in to  b i - l a y e r  l i p i d  membranes. They observed a l i g h t  induced 
in c r e a s e  in  membrane curren t  (which in  t h e i r  exper imenta l  system 
corresponds to a l i g h t  induced in c r ease  in  membrane conductance)
which occured m i l l i s e c o n d s  a f t e r  a f l a s h  o f  wh ite  l i g h t ,  and which 
had a l i f e t i m e  o f  a few hundred m i l l i s e c o n d s .  Fesenko and Lyubarskiy  
sugges t  tha t  the "mechanism probab ly  in v o l v e s  e i t h e r  a con fo rm at iona l  
t r a n s i t i o n  in  rhodopsin a f t e r  the f o rm at ion  o f  metarhodops in I I ,  o r  a 
re -arrangement  o f  p h o to r ec ep to r  membrane o ccu r r in g ,  f o l l o w in g  a
c e r t a i n  d e lay ,  a f t e r  the fo rm at ion  o f  metarohodopsin I I . "  What i s  
i n t e r e s t i n g  he re  i s  tha t  the t im e-course  o f  the conductance change 
does not match w i th  the s p e c t r a l l y  measurable v i s u a l  pigment changes.
In  a d d i t i o n  when the high conductance s t a t e  has decayed, a low,  but 
enhanced, conductance s t a t e  remains. Th is  probab ly  corresponds to the 
conductance i d e n t i f i e d  by Montai e t  a l .  (1977 ) .  The study of  
i n v e r t e b r a t e  v i s u a l  pigments using the methods o f  Montai e t  a l .  and
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Fesenko and Lyubarskiy  should be extremely  i n t e r e s t i n g !
To summarise, a b i o p h y s i c a l  model o f  pho to t ransduc t ion  and the 
a f t e r p o t e n t i a l  in  R1-R6 o f  Drosoph i la  has been fo rm ula ted .  The model 
a r i s e s  from exper imenta l  obse rva t ions  and makes t e s t a b l e  p r e d i c t i o n s .  
C u r iou s ly ,  the model depar ts  c o n s id e ra b ly  from a v a i l a b l e  models of  
p ho to t ran sdu c t ion  in  i n v e r t e b r a t e s  (n o ta b ly  the " e x c i  to r - i n h i b i  to r "  
model )  y e t  i s  v e r y  s im p le .  Support f o r  the model can be found in  
r e c e n t  work on pho to t ransduc t ion  in  v e r t e b r a t e s ,  w h i l e  much of  the 
i n v e r t e b r a t e  work i s  clouded by the " e x c i t o r - i n h i b i t o r "  model.
In  gen era l  terms the v e r t e b r a t e  pho torecep to rs  a re  s i m i l a r  to those 
o f  i n v e r t e b r a t e  spec ies  (some d i f f e r e n c e s  were descr ibed  in  chapter  
1 ) .  Do the r e s u l t s  in  the th e s i s  have any va lue  in  r e l a t i o n  to these 
p ho to r ec ep to rs ?  I n t r a c e l l u l a r  r eco rd ings  from v e r t e b r a t e  photorecep­
to r s  con f i rm tha t  t h e i r  response i s  a sigmoid fu n c t i o n  of  the 
l o g a r i th m  o f  l i g h t  i n t e n s i t y  and can be descr ibed  by equat ions  
s i m i l a r  to those g i v e n  in  chapter  2 ( e . g .  monkey cones:  Boynton and
W hit ten ,  1970; rods o f  a x o l o t l :  Grabowski e t  a l . ,  1972).  Both in  the 
p resence  o f  ambient l i g h t  (Boynton and Whit ten ,  1970) and a f t e r  
pigment b leach ing  (Grabowski e t  a l . ,  1972) th e r e  a re  i n d i c a t i o n s  tha t  
" t h r e s h o ld "  changes in  p a r a l l e l  w i th  changes in  membrane p o t e n t i a l .  
The a n a ly s i s  in  chapters 2 and 3 sugges t  tha t  i t  would be more use fu l  
to  examine the r e l a t i o n s h ip  between response amplitude and membrane 
p o t e n t i a l .  The d i f f i c u l t y  w i th  e i t h e r  of  these  comparisons i s  the 
s c a r c i t y  o f  accura te  d . c .  r e c o r d in g s .  For in s tance  L a u g l in  (1975) 
c i t e d  on ly  th r e e  cases o f  " c o r r e c t l y "  executed i n t r a c e l l u l a r  s tud ies  
o f  i n v e r t e b r a t e s .  S u r p r i s in g l y ,  here  l i e s  the advantage o f  the ERG o f  
D rosoph i la  because s ta b l e  d . c .  r e co rd in gs  can be obta ined  r e l a t i v e l y
e a s i l y .
To e x p la in  the d . c .  s t a b i l i t y  o f  the ERG o f  Drosop h i l a , and 
the  f a c t  tha t  i n t r a c e l l u l a r  and e x t r a c e l l u l a r  records  a r e  so s i m i l a r  
( t h e r e  a re  no transmembrane re co rd in gs  from Drosoph i l a ) , chapter  6 
examined a model of  e x t r a c e l l u l a r  p o t e n t i a l s  which does not r e l y  on 
the  concept o f  " cu r r en t  f l o w  through an e x t r a c e l l u l a r  r e s i s t o r " .  The 
ERG o f  D rosoph i la  can be s ta b l e  f o r  s e v e r a l  hours. Chapter 6 
demonstrated tha t  e x t r a c e l l u l a r  p o t e n t i a l s  can e x i s t  w i thout  e x t r a c e ­
l l u l a r  curren t  f l ow  when the c e l l s  l i e  in  an i d e a l  e l e c t r i c a l
compartment.  How c l o s e l y  the compartments o f  the Drosoph i la  v i s u a l
system (H e isenberg ,  19 71) correspond to i d e a l  compartments remains to
be seen. Shaw (1975 ) ,  f o r  in s tance ,  has presented an a l t e r n a t i v e  
model ,  s i m i l a r  in  concept to the c a p a c i t i v e  model o f  chap ter  6, but 
r e l y i n g  on r e s i s t a n c e s  to " v i r t u a l  e a r th " .  Shaw's model must apply as 
an equ i l i b r iu m  at  i n f i n i t e  time because no pa r t s  o f  an animal body 
can be separated by i n f i n i t e  r e s i s t a n c e .  On the o th e r  hand, Shaw's 
own r e s u l t s  f o r  the l o c u s t  eye suggest tha t  the exchange o f  charge 
between "compartments" i s  v e r y  smal l  (Shaw, 1977).  The c a p a c i t i v e
model must apply a t  t = 0, when the exchange o f  charge between
compartments i s  i n f i n i t e l y  sma l l .  The ques t ion  which then a r i s e s  i s :  
how much time i s  requ ired  f o r  the p o t e n t i a l s  o f  spaces w i th in  a l e s s  
than i d e a l  compartment to cane to the r e s i s t i v e  equ i l ib r ium ? I f  i t  i s  
v e r y  l a r g e  compared to the r i s e  time o f  the transmembrane p o t e n t i a l ,  
then the c a p a c i t i v e  e q u i l ib r iu m  w i l l  be most e v id e n t .  I f  i t  i s  smal l  
compared to the r i s e  time o f  the transmembrane p o t e n t i a l ,  then the 
c a p a c i t i v e  e q u i l ib r iu m  w i l l  be obscured and the r e s i s t i v e  e qu i l i b r iu m  
w i l l  predominate.  I f  i t  i s  a few seconds, the c a p a c i t i v e  e q u i l ib r iu m  
w i l l  predominate i n i t i a l l y  and the e x t r a c e l l u l a r  and i n t r a c e l l u l a r  
p o t e n t i a l s  w i l l  sweep towards the r e s i s t i v e  e qu i l ib r iu m .  Presumably,
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each eye must have a c h a r a c t e r i s t i c  time constant  which determ ines  
whether the c a p a c i t i v e  e qu i l i b r iu m  i s  conspicuous.
The i n t r a c e l l u l a r  and e x t r a c e l l u l a r  r e co rd in gs  from Sep i o l a  
(Pynsent  and Duncan, 1977) a r e  ex t rem e ly  i n t e r e s t i n g  in  t h i s  c o n t ex t .  
They show a t r a n s i e n t  peak in  the i n t r a c e l l u l a r  records  which i s  
complemented by a trough in  the e x t r a c e l l u l a r  r e co rd in g s .  The
recon s t ru c t ed  transmembrane p o t e n t i a l  i s  approx im ate ly  a square wave
(Pynsent  and Duncan, 1977 F i g .  2 row 1 ) .  This  t r a n s i e n t  may a r i s e  
because  a t  t  = 0 the c a p a c i t i v e  model a p p l i e s ,  w h i l e  w i t h in  a few
seconds the r e s i s t i v e  e qu i l i b r iu m  i s  reached and the r e s i s t i v e  model 
a p p l i e s .  C e r t a in l y ,  p o t e n t i a l s  s i m i l a r  to those shown by Pynsent and 
Duncan can be obta ined by app ly ing  a square wave to the te rmina ls  of  
a network such as shown in  F i g u r e  1. Th is  network combines the
c a p a c i t i v e  model of  chapter  6 w i th  the r e s i s t i v e  model o f  Shaw
(1 97 5 ) .
F ig u r e  1: A combinat ion of  the c a p a c i t i v e  model o f  chap ter  6 and the 
r e s i s t i v e  model o f  Shaw (1975) to account f o r  e x t r a c e l l u l a r  poten­
t i a l s .  The e q u i l i b r iu m  s o lu t i o n s  f o r  the r a t i o  o f  the e x t r a c e l l u a r  
and i n t r a c e l l u l a r  p o t e n t i a l s  a f t e r  a d is turbance  o f  the transmembrane 
p o t e n t i a l  are  d i f f e r e n t  un less  Ci/CO = RO/Ri. The c a p a c i t i v e  e q u i l i b ­
r ium, which w i l 1 apply a t  v e ry  smal l  time i n t e r v a l s  a f t e r  the
d is tu rbance  so tha t  the con d i t i on s  o f  an i d e a l  compartment are
s a t i s f i e d ,  i s  g i v e n  by VO/Vi = -Ci/CO. The r e s i s t i v e  e qu i l i b r iu m ,  
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Sum m ary. 1 .  S h o r t - w a v e l e n g t h  l i g h t  p r o d u c e s  p r o l o n g e d  c h a n g e s  i n  t h e  E R G  
a f t e r p o t e n t i a l  a n d  t h e  s i z e  o f  t h e  E R G  r e s p o n s e  t o  a  f i x e d  t e s t f l a s h ;  t h e s e  
c h a n g e s  m a y  b e  r e v e r s e d  a t  a n y  t i m e  b y  l o n g - w a v e l e n g t h  l i g h t :  t h i s  ‘ b l u e /  
o r a n g e  a d a p t a t i o n ’  i s  c l e a r l y  s e p a r a b l e  f r o m  o t h e r  c o m p o n e n t s  o f  l i g h t  o r  
d a r k  a d a p t a t i o n  ( F i g .  3 ) ,  a n d  o p e r a t e s  o v e r  a  t o t a l l y  d i f f e r e n t  t i m e  s c a l e  
( F i g .  1 0 a , b ) .
2 .  T h e  a m o u n t  o f  l i g h t  r e q u i r e d  t o  p r o d u c e  a  c r i t e r i o n  c h a n g e  i n  t h e  
s t a t e  o f  b l u e / o r a n g e  a d a p t a t i o n  o f  t h e  e y e  i s  i n d e p e n d e n t  o f  t h e  i n t e n s i t y  
o r  t e m p o r a l  p a t t e r n  o f  t h e  s t i m u l u s  ( F i g s .  1 ,  2 ,  3 ,  4 ,  5 ,  6  a n d  T a b l e  2 ) .
3 .  R e c o v e r y  o f  s e n s i t i v i t y  i n  d a r k n e s s  f o l l o w i n g  a n  i n t e n s e  b l u e  s t i m u l u s  
i s  e x t r e m e l y  s l o w  ( h o u r s ) ;  a n d  a t  a n y  t i m e  d u r i n g  t h e  r e c o v e r y  o f  s e n s i t i v i t y ,  
b l u e  l i g h t  w i l l  a g a i n  d i m i n i s h  s e n s i t i v i t y  o r  o r a n g e  l i g h t  r e s t o r e  i t  
( F i g .  1 0 a ,  b ) .
4 .  T h e  r e s p o n s e  a m p l i t u d e  e l i c i t e d  b y  a  t e s t f l a s h  i s  h i g h l y  n e g a t i v e l y  
c o r r e l a t e d  w i t h  t h e  s i z e  o f  t h e  E R G  a f t e r p o t e n t i a l  ( a )  d u r i n g  b l u e - a d a p t a t i o n  
( F i g s .  1 ,  2 ,  3 ) ,  ( b )  d u r i n g  t h e  d e c l i n e  o f  t h e  E R G  a f t e r p o t e n t i a l  r e s u l t i n g  
f r o m  e x p o s u r e  o f  t h e  b l u e - a d a p t e d  e y e  t o  l o n g - w a v e l e n g t h  l i g h t  ( F i g s .  4 ,  
5 ,  6 ,  7 ) ,  ( c )  d u r i n g  d a r k - r e c o v e r y  f r o m  b l u e - a d a p t a t i o n .
5 .  T h e  d a t a  p r e s e n t e d  a r e  c o n s i s t e n t  w i t h  t h e  v i e w  t h a t  t h e  a d a p t a t i o n a l  
c h a n g e s  d e s c r i b e d  r e s u l t  f r o m  i n t e r c o n v e r s i o n s  o f  R 4 8 0  a n d  M 5 8 0 ;  t h a t  
t h e  s i z e  o f  t h e  p r o l o n g e d  E R G  a f t e r p o t e n t i a l  i s  c l o s e l y  l i n k e d  t o  t h e  a m o u n t  
o f  M 5 8 0  i n  R i _ 6  f o l l o w i n g  t r a n s d u c t i o n ;  t h a t  t h e  e f f e c t s  o b s e r v e d  i n  t h e  
E R G  c l o s e l y  r e f l e c t  e v e n t s  o c c u r r i n g  a c r o s s  t h e  t r a n s d u c i n g  m e m b r a n e s  o f  
R ! _ 6 ;  a n d  t h a t  t h e r e  i s  a  c o m p o n e n t  o f  t h e  m e m b r a n e  c o n d u c t a n c e  o f  R i _ 6  
t h a t  i s  c o r r e l a t e d  w i t h  t h e  p r e s e n c e  o f  M 5 8 0 .
Introduction
T h e  o m m a t i d i a  o f  t h e  d i p t e r a n  c o m p o u n d  e y e  c o n t a i n  a n  u n f u s e d  r h a b d o m :  
t h e  r h a b d o m e r e s  o f  i n d i v i d u a l  r e t i n u l a  c e l l s  a r e  s e p a r a t e  a l o n g  t h e i r  e n t i r e  l e n g t h
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a n d  i n  a d d i t i o n  a r e  a r r a n g e d  i n  a  t y p i c a l  a s y m m e t r i c  p a t t e r n .  P a k  ( 1 9 7 5 )  h a s  
r e c e n t l y  r e v i e w e d  t h e  r e l e v a n t  a n a t o m y  o f  t h e  f l y  r e t i n a  w i t h  p a r t i c u l a r  r e f e r e n c e  
t o  D r o s o p h i l a .  K i r s c h f e l d  a n d  F r a n c e s c h i n i  e x a m i n e d  t h e  o p t i c s  o f  t h e  c o m p o u n d  
e y e  o f  M u s c a  a n d  c o n c l u d e d  t h a t  i t  c o n t a i n s  t w o  a n a t o m i c a l l y  a n d  f u n c t i o n a l l y  
d i s t i n c t  s y s t e m s :  o n e  s y s t e m  r e c e i v e s  i n p u t  f r o m  t h e  c e n t r a l  r e t i n u l a  c e l l s  ( R 7  +  8 ) ,  
a n d  t h e  s e c o n d  r e c e i v e s  i n p u t  f r o m  t h e  p e r i p h e r a l  r e t i n u l a  c e l l s  ( R ^ g )  ( r e v i e w e d  
i n  K i r s c h f e l d ,  1 9 6 9 ) .  T h i s  d i v i s i o n  i n t o  t w o  s y s t e m s  a p p e a r s  t o  b e  a  g e n e r a l  
p r o p e r t y  o f  t h e  d i p t e r a n  c o m p o u n d  e y e  ( M c C a n n  a n d  A r n e t t ,  1 9 7 2 )  a n d  t h e  
t w o  s y s t e m s  d i f f e r  i n  t h e i r  s p e c t r a l  s e n s i t i v i t y :  R i _ 6  a r e  m a x i m a l l y  s e n s i t i v e  
t o  g r e e n  l i g h t  ( 4 7 0  n m  t o  5 1 0  n m )  w i t h  a  s e c o n d  p e a k  i n  t h e  u l t r a - v i o l e t  ( 3 4 0  n m  
t o  3 6 0  n m ) ,  w h i l e  R 7  +  8 a r e  m a x i m a l l y  s e n s i t i v e  t o  b l u e  l i g h t  ( a r o u n d  4 6 0  n m )  
a n d  a l s o  t o  U V  ( M u s c a ,  C a l l i p h o r a  a n d  P h o e n i c i a : M c C a n n  a n d  A r n e t t ,  1 9 7 2 ;  
D r o s o p h i l a ' .  M i n k e  e t a l . ,  1 9 7 5  a n d  H a r r i s  e t a l . ,  1 9 7 6 ) .  U s i n g  m o r p h o l o g i c a l  
m u t a n t s  o f  D r o s o p h i l a  H a r r i s  e t a l .  ( 1 9 7 6 )  d e m o n s t r a t e d  t h a t  R 7  i s  e x c l u s i v e l y  
a  U V  r e c e p t o r ;  a  s i n g l e  p e a k e d  U V  r e c e p t o r  ( e i t h e r  R 7  o r  R 8 )  h a s  a l s o  b e e n  
r e p o r t e d  f o r  C a l l i p h o r a  ( M e f f e r t  a n d  S m o l a ,  1 9 7 6 ) .
T h e  m a j o r  v i s u a l  p i g m e n t s  o f  t h e  D r o s o p h i l a  e y e  w e r e  i d e n t i f i e d  b y  O s t r o y  
e t  a l .  ( 1 9 7 4 )  a s  a n  R 4 8 0  a n d  a n  M 5 8 0  w h i c h  i s  s t a b l e  i n  d a r k n e s s  ( t i m e - c o n s t a n t  
a b o u t  6 h :  P a k  a n d  L i d i n g t o n ,  1 9 7 4 )  s u g g e s t i n g  t h e  s i m p l e  p i g m e n t  s y s t e m
w h e r e  t h e  w a v y  l i n e s  r e p r e s e n t  p h o t o c h e m i c a l  r e a c t i o n s  w i t h  r a t e - c o n s t a n t s  k l  
a n d  k 2 ,  w h i c h  a r e  i n t e n s i t y - d e p e n d e n t ,  a n d  t h e  s o l i d  l i n e  r e p r e s e n t s  t h e  d a r k -  
r e g e n e r a t i o n  o f  R 4 8 0  w i t h  r a t e - c o n s t a n t  d .  P h e n o m e n a  a s s o c i a t e d  w i t h  t h i s  
p i g m e n t  s y s t e m  ( P a k  a n d  L i d i n g t o n ,  1 9 7 4 )  h a v e  b e e n  l o c a l i s e d  t o  R x _ 6  u s i n g  
i n t r a c e l l u l a r  r e c o r d i n g  ( M i n k e  e t  a l . ,  1 9 7 5 ) .  A  p r o l o n g e d  d e p o l a r i s i n g  a f t e r p o t e n ­
t i a l  ( P D A )  i s  a c c o m p a n i e d  b y  a  r e d u c t i o n  i n  t h e  s e n s i t i v i t y  o f  R i _ 6  f o l l o w i n g  
a n  i n t e n s e  b l u e  s t i m u l u s ;  t h e  P D A  i s  a b o l i s h e d  b y  o r a n g e  l i g h t .  T h e  E R G  
o f  w h i t e - e y e d  D r o s o p h i l a  r e v e a l s  s i m i l a r  p h e n o m e n a :  a n  i n t e n s e  b l u e  s t i m u l u s  
i s  f o l l o w e d  b y  a  p r o l o n g e d  c o r n e a l  n e g a t i v e  p o t e n t i a l  ( h e r e  c a l l e d  a  p r o l o n g e d  
c o r n e a l  n e g a t iv e  a f t e r p o t e n t ia l ,  P C N A )  w h i c h  r a p i d l y  d e c l i n e s  d u r i n g  o r  a f t e r  
a n  i n t e n s e  o r a n g e  s t i m u l u s ;  d u r i n g  t h e  P C N A  a  r e s i d u a l  m o n o p h a s i c  r e s p o n s e  
i s  o b s e r v e d  i n  t h e  E R G  ( C o s e n s  a n d  B r i s c o e ,  1 9 7 2 ) .  T h e  i n t r a c e l l u l a r  e v i d e n c e  
o f  P D A  i n  R i - g  ( M i n k e  e t a l . ,  1 9 7 5 ) ,  a n d  E R G  d a t a  f r o m  m u t a n t s  l a c k i n g  
R , _ 6  ( H a r r i s  e t a l . ,  1 9 7 6 )  c o n f i r m  t h e  i n t e r p r e t a t i o n  o f  t h e  P C N A  p r e s e n t e d  
b y  C o s e n s  a n d  W r i g h t  ( 1 9 7 5 )  a n d  M i n k e  e t a l .  ( 1 9 7 5 ) :  d u r i n g  a  P C N A  t h e  
c o n t r i b u t i o n  o f  R j _ 6  t o  t h e  E R G  i s  r e d u c e d ,  e x p o s i n g  t h e  m o n o p h a s i c  r e s p o n s e  
o f  t h e  c e n t r a l  r e t i n u l a  c e l l s  ( t h e  s u p e r i m p o s e d  r e s p o n s e ,  S R  o f  M i n k e  e t  a l . ,
1 9 7 5 ) .  H a r r i s ’  s t u d y  s h o w s  t h a t  R i _ 6  c o n t a i n  t h e  p i g m e n t  s y s t e m  d r a w n  a b o v e ;  
R 7  c o n t a i n s  a  s i m i l a r  s y s t e m  w i t h  a n  R 3 7 0  a n d  a n  M 4 7 0 ;  w h i l e  R 8  i s  “ a  
n o n - a d a p t i n g  b l u e - r e c e p t o r  w i t h  a  t h i r d  t y p e  o f  r h o d o p s i n ”  ( H a r r i s  e t  a l . ,  1 9 7 6 ) .
T h i s  p a p e r  i n v e s t i g a t e s  t h e  e f f e c t s  o f  s h o r t - w a v e l e n g t h  l i g h t  ( t e r m e d  b l u e -  
a d a p t c it io n )  a n d  l o n g - w a v e l e n g t h  l i g h t  ( t e r m e d  o r a n g e - a d a p t a t io n )  u p o n  R t - 6  
b y  o b s e r v i n g  t h e  E R G  o f  w h i t e - e y e d  D r o s o p h i l a .
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A n  a p p a r e n t l y  s i m i l a r  t y p e  o f  a n t a g o n i s t i c  a d a p t a t i o n  a s s o c i a t e d  w i t h  i n t e r ­
c o n v e r s i o n s  o f  d a r k - s t a b l e  v i s u a l  p i g m e n t s  h a s  b e e n  i n v e s t i g a t e d  i n  t h e  l a t e r a l  
o c e l l i  o f  B a l a n u s  ( H o c h s t e i n  e t a l . ,  1 9 7 3 )  a n d  t h e  m e d i a n  e y e  o f  L i m u l u s  ( N o l l e  
a n d  B r o w n ,  1 9 7 2 ;  M i n k e  e t  a h ,  1 9 7 3 ) .  I n  t h e s e  p r e p a r a t i o n s  i t  h a s  b e e n  d e m o n ­
s t r a t e d  t h a t  a  s t i m u l u s  w h i c h  g e n e r a t e s  a  s u b s t a n t i a l  a m o u n t  o f  M  i s  f o l l o w e d  
b y  a  P D A .  T h i s  P D A  d e c l i n e s  i n  d a r k n e s s  i n  a  f e w  s e c o n d s  t o  t h i r t y  m i n u t e s ,  
a n d  d o e s  s o  i n d e p e n d e n t l y  o f  d a r k - r e g e n e r a t i o n  o f  R .  F o r  s o m e  t i m e  a f t e r  t h e  
P D A  h a s  d e c l i n e d  t h e  v i s u a l  p i g m e n t  i s  l a r g e l y  M ,  c o n s e q u e n t l y  a  s e c o n d  M -  
f a v o u r i n g  s t i m u l u s  d o e s  n o t  s u b s t a n t i a l l y  c h a n g e  t h e  a m o u n t  o f  M  p r e s e n t ,  a n d  
d o e s  n o t  r e s u l t  i n  a  P D A .  A n  R - r e g e n e r a t i n g  s t i m u l u s  w i l l  r e d u c e  M  a n d  a b o l i s h  
a n y  r e m a i n i n g  P D A ,  o r ,  i f  a p p l i e d  a f t e r  t h e  P D A  h a s  d e c l i n e d ,  w i l l ,  b y  r e g e n e r a t ­
i n g  R ,  p e r m i t  a  f r e s h  P D A  f o l l o w i n g  a n  M - g e n e r a t i n g  s t i m u l u s .  T w o  d i s t i n c t  
a d a p t a t i o n a l  s t a t e s  t h u s  e x i s t  d e p e n d e n t  u p o n  t h e  v i s u a l  p i g m e n t  c o m p o s i t i o n .  
A  P D A  m a r k s  t h e  c o n v e r s i o n  b e t w e e n  t h e  l o w  a n d  h i g h  m e t a r h o d o p s i n  s t a t e s ,  
b u t  i t s  d u r a t i o n  d o e s  n o t  e q u a l  t h a t  o f  t h e  u n d e r l y i n g  v i s u a l  p i g m e n t  c h a n g e s .  
T h i s  s e p a r a t i o n  o f  t h e  P D A  f r o m  t h e  s t a t i c s  o f  t h e  v i s u a l  p i g m e n t  c o m p o s i t i o n  
i s  p a r t  o f  t h e  e v i d e n c e  u s e d  t o  c o n s t r u c t  a  m o d e l  o f  t r a n s d u c t i o n  i n v o l v i n g  
e x c i t a t o r y  a n d  i n h i b i t o r y  t r a n s m i t t e r s  r e l e a s e d  b y  p h o t o p i g m e n t  t r a n s i t i o n s .  A c ­
c o r d i n g  t o  t h e  m o d e l  t h e  t r a n s m i t t e r s  i n t e r a c t  t o  p r o d u c e  d e p o l a r i s a t i o n  o f  
t h e  p h o t o r e c e p t o r s  a n d  t h e y  d e c a y  i n d e p e n d e n t l y  o f  ( a n d  m o r e  r a p i d l y  t h a n )  
d a r k  c h a n g e s  i n  t h e  v i s u a l  p i g m e n t  c o m p o s i t i o n  ( H o c h s t e i n  e t  a h ,  1 9 7 3 ;  M i n k e  
e t a l . ,  1 9 7 3 ) .
T h e  D r o s o p h i l a  v i s u a l  s y s t e m  h a s  n o t  y e t  b e e n  e x a m i n e d  i n  a  w a y  t h a t  
i s  d i r e c t l y  c o m p a r a b l e  w i t h  t h e  s t u d i e s  o f  B a l a n u s  a n d  L im u l u s .  I n  p a r t i c u l a r  
t h e  d u r a t i o n  o f  t h e  P C N A  o r  t h e  P D A  h a s  n o t  b e e n  c o m p a r e d  w i t h  t h e  l o n g  
t i m e - c o n s t a n t  f o r  t h e  r e c o v e r y  o f  s e n s i t i v i t y  f o l l o w i n g  b l u e  a d a p t a t i o n  i n  t h i s  
s p e c i e s  ( E R G  d a t a :  r e c o v e r y  o f  s e n s i t i v i t y  t a k e s  m o r e  t h a n  3  h : C o s e n s  a n d  
B r i s c o e ,  1 9 7 2 1 ) .  T h i s  t i m e - c o u r s e  s e e m s  s i m i l a r  t o  t h e  r e p o r t e d  t i m e - c o n s t a n t  
f o r  d a r k - d e c a y  o f  M 5 8 0  ( g r e a t e r  t h a n  6  h ,  d a t a  f r o m  t h e  M - p o t e n t i a l :  P a k  
a n d  L i d i n g t o n ,  1 9 7 4 )  w h i c h  s u g g e s t s  a  p o s s i b l e  c o r r e l a t i o n  b e t w e e n  s e n s i t i v i t y  
a n d  R 4 8 0 ;  h o w e v e r  S t a v e n g a  ( 1 9 7 5 )  h a s  q u e s t i o n e d  t h e  l o n g  t i m e - c o n s t a n t  
r e p o r t e d  b y  P a k  a n d  L i d i n g t o n .  H a m d o r f s  g r o u p  h a s  a r g u e d  t h a t  r h o d o p s i n  
c o n c e n t r a t i o n  c o n t r o l s  t h e  s e n s i t i v i t y  o f  i n v e r t e b r a t e  v i s u a l  r e c e p t o r  c e l l s  ( r e ­
v i e w e d  i n  H a m d o r f  a n d  S c h w e m e r ,  1 9 7 5 ) .  H o w e v e r  t h e  i m p o r t a n c e  o f  m e t a r h o ­
d o p s i n  c o n c e n t r a t i o n  t o  t h e  s e n s i t i v i t y  o f  R ! _ 6  i n  C a l l i p h o r a  h a s  r e c e n t l y  b e e n  
d e m o n s t r a t e d  b y  R a z m j o o  a n d  H a m d o r f  ( 1 9 7 6 ) .  O u r  d a t a  s h o w  t h a t  ( a )  t h e  
d e c l i n e  o f  t h e  P C N A  i n  w h i t e - e y e d  D r o s o p h i l a  i s  e x t r e m e l y  s l o w  a n d  a c c o m p a n i e s  
d a r k  c h a n g e s  i n  v i s u a l  p i g m e n t  c o m p o s i t i o n  ( c o n f i r m i n g  P a k  a n d  L i d i n g t o n ’ s  
d a t a  o n  M 5 8 0  d e c a y )  t h u s  ( b )  t h e  s i z e  o f  t h e  a f t e r p o t e n t i a l  i s  c o r r e l a t e d  w i t h  t h e  
a m o u n t  o f  M 5 8 0  i n  R j  _  6 . W e  a l s o  s h o w  t h a t  ( c )  t h e  s i z e  o f  t h e  E R G  a f t e r p o t e n t ia l  
a n d  r e s p o n s e  a m p l i t u d e  a r e  h i g h l y  n e g a t i v e l y  c o r r e l a t e d  i n  t h e  m a n n e r  p r e d i c t e d  
f o r  t r a n s m e m b r a n e  p o t e n t i a l s  u s i n g  a  m o d e l  o f  t h e  t r a n s d u c i n g  m e m b r a n e .  
T h i s  a n d  o t h e r  e v i d e n c e  i n d i c a t e s  t h a t  ( d )  b o t h  E R G  a n d  i n t r a c e l l u l a r  d a t a  
c o n c e r n e d  w i t h  b l u e / o r a n g e  a d a p t a t i o n  r e f l e c t  t r a n s m e m b r a n e  e v e n t s .  P o i n t s  
a ,  b  a n d  d  s u g g e s t  t h a t  ( e )  t h e  D r o s o p h i l a  d a t a  i s  c o m p a t i b l e  w i t h  a n  ‘ e x c i t o r -  
i n h i b i t o r ’  m o d e l  o f  t r a n s d u c t i o n  o n l y  i f  t h e  l i f e t i m e  o f  t h e  ‘ e x c i t o r ’  i s  g r e a t e r
1 ERG and intracellular evidence: PDA/PCNA last several hours: Minke etal., 1975
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t h a n  t h e  l i f e t i m e  o f  M 5 8 0  ( t h a t  i s  t h e  t i m e - c o n s t a n t  o f  d a r k - d e c a y  i s  s e v e r a l  
h o u r s ) .  W e  s u g g e s t  t h e  p o s s i b i l i t y  t h a t  ( f )  t h e  a m o u n t  o f  M 5 8 0  r e m a i n i n g  a f t e r  
t r a n s d u c t i o n  d e t e r m i n e s  ( v i a  a  l o n g - l i v e d  e x c i t o r ? )  t h e  m a g n i t u d e  o f  t h e  t r a n s ­
m e m b r a n e  a f t e r p o t e n t i a l  w h i c h  i n  t u r n  a l t e r s  t h e  s i z e  o f  t h e  m e a s u r e d  r e s p o n s e  
a m p l i t u d e  t o  a  f i x e d  s t i m u l u s  ( a n d  h e n c e  s e n s i t i v i t y )  i n d e p e n d e n t l y  o f  s e n s i t iv i t y  
c h a n g e s  a t t r i b u t a b l e  to  t h e  c o n c e n t r a t io n  o f  R 4 8 0 .  T h a t  i s ,  s e n s i t i v i t y  i s  n e g a t i v e l y  
c o r r e l a t e d  w i t h  t h e  c o n c e n t r a t i o n  o f  M 5 8 0 .
M ateria ls and M ethods
1. The Flies Used, and Recording Technique
The materials and ERG recording technique used were similar to those previously reported from 
this laboratory (Cosens, 1971; Cosens and Wright, 1975). The flies were white-eyed mutants (w 
or bw/cn) of Drosophila melanogaster which, in contrast to the red-eyed wild-type, may be readily 
blue/orange adapted (Cosens and Briscoe, 1972). They were cultured at room temperature (ca. 
22 °C) on standard cornmeal-agar-molasses medium. ERGs from intact flies were monitored on 
a Telequipment D53 oscilloscope and a Bryans 28000 penwriter via an extracellular Ringer, or 
sodium chloride, filled glass micropipette. The micropipette was inserted through the cornea into 
the retinula cell region of the eye and led off, via an Ag/AgCl electrode, to a high impedance 
buffer amplifier. A gold wire inserted into the thorax served as the indifferent electrode.
2. Light Sources
The preparations were bathed with light using a collimated beam from 100 W 12 V tungsten-halogen 
source (Philips Al/215) which we call the adapting light. In addition a dimmer light, the testflash, 
was focussed onto the eye from an overdriven 2.5 V, 0.3 A, torch bulb. This was used for presenting 
repetitive stimuli and was controlled by a multivibrator with two fixed periods: 2 s and 4 s. The 
duration of the ‘ on-time’ was variable from a minimum of 180 ms.
With both light sources the wavelength of irradiation was controlled by Balzers broad-band 
spectral filters. Table 1 shows the transmission characteristics (bandwidth to 10% transmission) 
of these filters measured with a Pye Unicam SP800 spectrophotometer. The maximum energy 
emitted at each waveband was measured for both light sources using a Tektronics J16 Digital 
Photometer and J6502 probe calibrated in mW m-2. Measurement of this parameter is subject 
to some error particularly with the testflash, the focussed beam of which does not fill the field 
of view of the probe. Correction for this is included in the measurements listed in the table. 
Photon flux was calculated from the relationship: E=hc/2, using the midband wavelength of 
the appropriate filter.
Table 1. Characteristics of the filters and light sources used in the experiments
Filter colour 10% bandwidth 
(nm)
Adapting light intensity 
1016 photons cm“ 2s" 1
Testflash intensity 
1015 photons cm"! ŝ  1
violet 316-425 0.2 0.8
blue 416-500 1.4 0.8
green 466-546 1.6 1.4
yellow 520-600 3.6 6.3
orange 563-644 2.2 6.2
red 606-670 2.3 6.5
deep red 670-740 1.8 5.9
B lue/O range A d ap ta tio n  in W hite-eyed Drosophila 109
The intensity of illumination was controlled by calibrated heat-fogged photographic plates 
or Balzers neutral density filters and a Balzers Calflex B1K1 interference heat filter was used 
at all times.
3. Experimental Procedure
Three illumination regimes were used in the experiments reported: A) Using the adapting light 
controlled by a photographic leaf-shutter: Type 1. Prolonged continuous illumination. Type 2. Brief 
pulses of illumination separated, or followed, by periods of darkness. B) Using the testflash: 
Type 3. Repetitive alternation of illumination and darkness.
It is a standard aim when testing the response of a receptor to avoid the possibility that 
the test-stimulus changes its state of adaptation, this involves the use of brief dim stimuli. In 
a number of the experiments reported we have deliberately used bright test-stimuli which do adapt 
the receptor. This has allowed us to monitor the receptor response continuously during the resultant 
adaptation. When we have used the testflash in this way we have called it the adapting-jtash (see 
Figs. 3, 5, 6, 7). Using an adapting-flash together with a continuous adapting light we have observed 
receptor response when stimulated by two adapting wavelengths (Figs. 8, 9).
The eyes were selectively adapted using the colour regimes described in Cosens and Wright 
(1975). These authors, Minke etal. (1975) and Harris etal. (1976) have demonstrated that the 
phenomena observed (see Fig. 1) are attributable to retinula cells 1 to 6. Thus by observing changes 
in the ERG during blue and orange adaptation we are principally examining the behaviour of 
this cell group.
We have made two basic measurements from our ERG records: the first is the conventional 
measure of the response amplitude elicited by a fixed intensity stimulus and is an indicator of 
sensitivity; the second is a measurement of the ERG baseline relative to an arbitrary potential 
level in the eye, we have used the term afterpotential to describe this measurement. We have 
adopted the convention of displaying corneal negative potentials upwards on our figures and after­
potentials are measured as deviations of the ERG baseline in a corneal negative direction from 
an arbitrary potential in the region of the initial (pre-blue-adaptation) level of this baseline. Exactly 
how these measurements were made is clarified in Figure 1 and the accompanying text.
R esults
B l u e - A d a p t a t i o n  a n d  O r a n g e - A d a p t a t i o n  in  t h e  W h i t e - e y e d  M u t a n t  o f  D r o s o p h i l a
T h i s  s e c t i o n  d e s c r i b e s  t h e  e f f e c t s  o f  a n  i n t e n s e  b l u e  s t i m u l u s  u p o n  t h e  E R G  
o f  a  ‘ d a r k - a d a p t e d ’  D r o s o p h i l a  e y e ,  a n d  t h e  r e v e r s a l  o f  t h e s e  e f f e c t s  f o l l o w i n g  
a n  o r a n g e  s t i m u l u s .
T h e  t i m e - c o n s t a n t  ( T : t i m e  r e q u i r e d  f o r  a  5 0 %  c h a n g e )  f o r  t h e  d e c l i n e  
o f  E R G  b a s e l i n e  ( a f t e r p o t e n t ia l )  f o l l o w i n g  a n y  d o s e  o f  a  l o n g - w a v e l e n g t h  s t i m u ­
l u s ,  o r  a  s m a l l  d o s e  o f  a  s h o r t - w a v e l e n g t h  s t i m u l u s ,  r a r e l y  e x c e e d s  3  s  i n  a  
f r e s h  p r e p a r a t i o n .  T h e  r e c o v e r y  o f  s e n s i t i v i t y  c a n  b e  s o m e w h a t  s l o w e r  p a r t i c u l a r ­
l y  f o l l o w i n g  a n  i n t e n s e  s t i m u l u s :  T  =  1 0  t o  3 0  s .  T h e s e  t i m e - c o n s t a n t s  c a n  b e  
v a s t l y  e n l a r g e d  f o l l o w i n g  a  l a r g e  d o s e  o f  s h o r t - w a v e l e n g t h  l i g h t .  W e  w i l l  c a l l  
t h i s  e f f e c t ,  a n d  a n y  o t h e r  e f f e c t s  s p e c i f i c  t o  s h o r t - w a v e l e n g t h  l i g h t  i n  t h e  b l u e  
r e g i o n  ( i . e .  e x c l u d i n g  U V ) :  b l u e - a d a p t a t i o n .  F i g u r e  1 ,  a  p e n w r i t e r  r e c o r d ,  i l l u s ­
t r a t e s  s o m e  o f  t h e  p r o p e r t i e s  o f  b l u e - a d a p t a t i o n .  A  b r i e f ,  d i m ,  w h i t e  l i g h t  w a s  
f l a s h i n g  t h r o u g h o u t  t h i s  d e m o n s t r a t i o n  e x p e r i m e n t  t o  i n d i c a t e  c h a n g e s  i n  t h e  
r e s p o n s e  o f  t h e  e y e  t o  a  c o n s t a n t  s t i m u l u s  ( a n  i n d i c a t o r  o f  s e n s i t i v i t y ) .  F o l l o w i n g  
a n  i n t e n s e  b l u e  s t i m u l u s  d e l i v e r e d  a t  A  a  p r o l o n g e d  c o r n e a l  n e g a t iv e  a f t e r p o t e n t ia l
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Fig. 1. A penwriter record of the ERG of a white-eyed Drosophila demonstrating A blue- 
adaptation, B the reversal of blue-adaptation with orange light, and C that blue-adaptation is 
cumulative when a reduced intensity of blue light is used; the experiment is described fully in 
the text. At the left hand side of the figure we show how we measure the E R G  baseline (afterpoten- 
tial: a ) from an arbitrary potential level, and the response amplitude (ra ) elicited by a testflash
( P C N A )  i s  s e e n ,  a c c o m p a n i e d  b y  a  c o n s i d e r a b l e  r e d u c t i o n  i n  t h e  s i z e  o f  t h e  
r e s p o n s e  t o  t h e  t e s t f l a s h .  T h i s  r e s p o n s e  i s  n o w  m o n o p h a s i c  ( t h e  s u p e r i m p o s e d  
r e s p o n s e ,  S R  o f  M i n k e  e t  a l . ,  1 9 7 5 )  a n d  l a c k s  t h e  l a m i n a  o n - t r a n s i e n t  w h i c h  
w a s  p r e v i o u s l y  v i s i b l e .  A  p o i n t  t o  n o t e  i s  t h a t  w e  h a v e  a d o p t e d  t h e  c o n v e n t i o n  
o f  p l o t t i n g  o u r  E R G  d a t a  c o r n e a l  u p w a r d s ,  t h i s  f a c i l i t a t e s  t h e  c o m p a r i s o n  
o f  e x t r a c e l l u l a r  a n d  i n t r a c e l l u l a r  r e c o r d i n g s .
T h e  s l o w  d e c l i n e  o f  a f t e r p o t e n t i a l  i n  t h e  b l u e - a d a p t e d  e y e  m a y  b e  c o n t r a s t e d  
w i t h  t h e  r a p i d  d e c l i n e  o f  t h e  a f t e r p o t e n t i a l ,  a n d  t h e  r e c o v e r y  o f  t h e  r e s p o n s e  
t o  t h e  t e s t f l a s h ,  f o l l o w i n g  i n t e n s e  o r a n g e  l i g h t  d e l i v e r e d  a t  B  o n  t h e  r e c o r d .  
F o r  t h e  r e m a i n d e r  o f  t h i s  p a p e r  w e  w i l l  c a l l  t h e  a d a p t a t i o n  s p e c i f i c  t o  l o n g -  
w a v e l e n g t h  l i g h t  i n  t h e  o r a n g e  r e g i o n :  o r a n g e - a d a p t a t io n .
T h e  r e f e r e n c e s  c i t e d  i n  t h e  i n t r o d u c t i o n  s h o w  t h a t  d u r i n g  t h e  P C N A  i n  
a  b l u e - a d a p t e d  e y e  R ) - 6  a r e  d e p o l a r i s e d  a n d  u n r e s p o n s i v e  w h i l e  R 7 + 8  a r e  
u n a f f e c t e d .  S i n c e  o u r  ‘ w h i t e ’  t e s t f l a s h  c o n t a i n s  l i t t l e  o r  n o  U V  l i g h t  ( t o  w h i c h  
R 7 i s  e x c l u s i v e l y  r e s p o n s i v e :  H a r r i s  e t  a l . ,  1 9 7 6 )  w e  c o n c l u d e  t h a t  t h e  S R  v i s i b l e  
d u r i n g  t h e  P C N A  i s  t h e  r e s p o n s e  o f  R s .
I n  v i e w  o f  t h e  t y p e  o f  d a t a  r e p o r t e d  i n  t h i s  s e c t i o n  ( w h i c h  h a s  b e e n  p r e v i o u s l y  
d e s c r i b e d  i n  v a r i o u s  w a y s  i n  a  n u m b e r  o f  r e p o r t s  o f  t h e  e l e c t r o p h y s i o l o g y  
o f  w h i t e - e y e d  D r o s o p h i l a :  C o s e n s  a n d  B r i s c o e ,  1 9 7 2 ;  C o s e n s  a n d  W r i g h t ,  1 9 7 5 ;  
M i n k e  e t  a l . ,  1 9 7 5 ;  S t a r k ,  1 9 7 5 ;  a n d  H a r r i s  e t  a l . ,  1 9 7 6 )  i t  i s  c l e a r l y  i m p o r t a n t  
a t  a l l  t i m e s  t o  b e  a w a r e  o f  t h e  s t a t e  o f  s p e c t r a l  a d a p t a t i o n  o f  t h e  e y e .  T h e  
r e m a i n d e r  o f  t h e  r e s u l t s  a r e  c o n c e r n e d  w i t h  t h e  p a r a m e t e r s  a n d  p r o p e r t i e s  o f  
b l u e  a n d  o r a n g e  a d a p t a t i o n ;  p r i o r  t o  e a c h  o f  t h e  e x p e r i m e n t s  t h e  e y e s  w e r e  
d o s e d  w i t h  l a r g e  a m o u n t s  o f  e i t h e r  l o n g - w a v e l e n g t h  o r  s h o r t - w a v e l e n g t h  l i g h t  
( p r e - a d a p t a t i o n )  w h i c h  w e  c o n s i d e r  s u f f i c i e n t  t o  s p e c i f y  t h e  e y e  a s  e i t h e r  o r a n g e  
o r  b l u e  a d a p t e d .  T h e  n e x t  s e c t i o n  e x a m i n e s  b l u e - a d a p t a t i o n  w i t h  p a r t i c u l a r
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r e f e r e n c e  t o  t h e  e f f e c t  o f  t h e  a m o u n t  o f  b l u e  l i g h t  d e l i v e r e d  i n  t h e  s t i m u l u s  
( d o s e ) ;  p r i o r  t o  a l l  o f  t h e  e x p e r i m e n t s  i n  t h i s  s e c t i o n  t h e  e y e  w a s  o r a n g e - a d a p t e d  
w i t h  a  l a r g e  d o s e  o f  l o n g - w a v e l e n g t h  l i g h t .
B l u e - A d a p t a t i o n
P a r t  C  o f  F i g u r e  1 s h o w s  t h e  E R G  r e s p o n s e  w h e n  s u c c e s s i v e  d o s e s  o f  b l u e  
l i g h t  o f  r e d u c e d  i n t e n s i t y  a r e  a p p l i e d  t o  t h e  e y e .  T h e  e f f e c t  o f  t h e  b l u e  i r r a d i a t i o n  
i s  c u m u l a t i v e  u p o n  ( a )  t h e  t i m e - c o n s t a n t  o f  d e c l i n e  o f  t h e  a f t e r p o t e n t i a l ,  a n d  
h e n c e  u p o n  ( b )  t h e  s i z e  o f  t h e  a f t e r p o t e n t i a l  m e a s u r e d  a f t e r  a n  a r b i t r a r y  f i x e d  
t i m e ,  a n d  a l s o  u p o n  ( c )  t h e  s i z e  o f  t h e  r e s p o n s e  t o  t h e  t e s t f l a s h .  T h e  a f t e r p o t e n  t i a l  
a n d  t h e  r e s p o n s e  a m p l i t u d e  a r e  h i g h l y  n e g a t i v e l y  c o r r e l a t e d ;  F i g u r e  2  i s  a  g r a p h  
o f  m e a s u r e m e n t s  f r o m  F i g u r e  1 w h i c h  i l l u s t r a t e s  t h i s  r e l a t i o n s h i p  ( r  =  0 . 9 8 ,  d f =  
6 3 ,  /? <  0 . 0 1  f o r  t h e  d a t a  f r o m  p a r t  C  o f  F i g .  1 ) .  T h e  s o u r c e  o f  t h e  p o i n t s  
o n  t h e  g r a p h  i s  i n d i c a t e d  b y  t h e  s y m b o l s ,  w h i c h  a r e  c o m m o n  t o  F i g u r e s  1 
a n d  2 .  T h e  s y m b o l  ‘ X ’  s h o w s  t h e  m e a n  v a l u e  o f  m e a s u r e m e n t s  o f  a f t e r p o t e n t i a l  
a n d  r e s p o n s e  a m p l i t u d e  a t  t h e  s t a r t  o f  t h e  e x p e r i m e n t  ( e y e  ‘ d a r k - a d a p t e d ’ ) ;  
t h e  s y m b o l  ‘  +  ’  s h o w s  t h e  m e a n  o f  t h e s e  m e a s u r e m e n t s  a f t e r  t h e  s i x t h  d o s e  o f  
b l u e  l i g h t  ( e y e  b l u e - a d a p t e d  a n d  s h o w i n g  a  s a t u r a t i n g  P C N A ) .
A  c o r r e l a t i o n  b e t w e e n  E R G  a f t e r p o t e n t i a l  a n d  r e s p o n s e  a m p l i t u d e  a p p e a r s  
t o  b e  a  c o n s i s t e n t  p r o p e r t y  o f  t h e  E R G  r e s p o n s e  a n d  w i l l  b e  o b s e r v e d  r e p e a t e d l y  
i n  t h e  r e m a i n i n g  r e s u l t s .
T h e  d y n a m i c s  o f  b l u e - a d a p t a t i o n  a r e  c l e a r l y  s e p a r a b l e  f r o m  t h o s e  o f  s p e c t r a l l y  
n o n - s p e c i f i c  l i g h t - a d a p t a t i o n :  F i g u r e  3 ,  a g a i n  p e n w r i t e r  r e c o r d s ,  i l l u s t r a t e s  t h i s  
p o i n t .  T h e  b o t t o m  r e c o r d  ( r o w  4  o f  F i g .  3 )  s h o w s ,  i n  s e q u e n c e ,  t h e  E R G  r e s p o n s e  
t o  ( a )  a  1 0  s  i n t e n s e  r e d  s t i m u l u s  ( w h i c h  o r a n g e - a d a p t s  t h e  e y e )  f o l l o w e d  b y  
1 5  s  o f  d a r k n e s s ,  ( b )  a  b r i g h t  w h it e  a d a p t i n g - f l a s h  ( I s  ‘ o n ’ : l  s  ‘ o f f ’ )  w h i c h  
c o n t i n u e d  f o r  s e v e r a l  m i n u t e s ,  a n d  w a s  f o l l o w e d  b y  3 0  s  o f  d a r k n e s s ,  ( c )  a
0 ---------------- ,---------------- r-
0  5 10
afterpotential (mV)
Fig. 2. A graph of the response amplitude to the testflash against the afterpotential during the 
experiments shown in Figure 1. The measurements were taken directly from Figure 1 and the 
symbols, which are common to Figures 1 and 2, indicate the source of the data
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Fig. 3. A montage of ERGs elicited by flashing stimuli. Each record shows, in sequence, (a) 
the ERG response to an intense 10 s red stimulus, followed by 15s of darkness (the eye is now 
orange-adapted), (b) the response to the flashing stimulus (Is ‘ on’ : Is ‘ off’), followed by 30s 
of darkness (note the PCNA in the records on rows 1. 2 and 3: responses to blue stimuli), and 
(c) the response to a second 10s intense red stimulus (which abolishes the PCNAs). Row 4 shows 
the response when the adapting-flash was white (note that there is no PCNA after the white 
adapting-flash). The records are interpreted fully in the text. Rows 1, 2 and 3 show responses 
to blue adapting-flashes of seven intensities (row I :  7.8, 6.2, 4.9, 1.9; row 2: 1.2, 0.78; row 3: 
0.39, x 1014 photons cm~2s_ *)
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s e c o n d  1 0  s  i n t e n s e  r e d  s t i m u l u s ,  f o l l o w e d  b y  a  b r i e f  p e r i o d  o f  d a r k n e s s  a f t e r  
w h i c h  t h e  r e c o r d  e n d s .  ( N o t e  t h a t  i n  t h e  r e c o r d  o f  row  4 t h e  p e n w r i t e r  D C  
o f f s e t  w a s  u s e d  t o  s h i f t  t h e  b a s e l i n e  u p w a r d s  j u s t  b e f o r e  t h i s  s e c o n d  r e d  s t i m u l u s : 
t h i s  s h i f t  i s  o f  n o  b i o l o g i c a l  s i g n i f i c a n c e .  I t  w a s  n e c e s s a r y  i n  t h i s  p r e p a r a t i o n  
d u e  t o  t h e  s t e a d y  d o w n w a r d  d r i f t  v i s i b l e  i n  a l l  o f  t h e  r e c o r d s  o f  F i g u r e  3 .  
( t h i s  d r i f t  i s  n o t  t y p i c a l l y  o b s e r v e d . )  T h e  b r o a d  s h a d e d  b a n d  f o r m i n g  t h e  m a j o r  
p a r t  o f  e a c h  o f  t h e  r e c o r d s  i n  F i g u r e  3  i s  t h e  r e s p o n s e  t o  t h e  f l a s h i n g  s t i m u l u s .  
T h e  d a r k e r  c e n t r a l  ( h o r i z o n t a l )  b a n d  i s  t h e  s u s t a i n e d  p o r t i o n  o f  t h e  r e s p o n s e  
a t t r i b u t a b l e  t o  t h e  a c t i v i t y  o f  t h e  r e t i n u l a  c e l l s  ( t o p  b o r d e r  =  t h e  m a x i m u m  
o f  t h e  c o r n e a l  n e g a t i v e  r e s p o n s e  d u e  t o  R ! _ 8 ;  t h e  l o w e r  b o r d e r  =  t h e  r e s i d u a l  
a f t e r p o t e n t i a l  a t  t h e  e n d  o f  t h e  1 s  d a r k  p e r i o d  w h i c h  s e p a r a t e s  t h e  f l a s h e s )  
a n d  t h e  l i g h t e r  f r i n g e s  a b o v e  a n d  b e l o w  t h i s  c e n t r a l  b a n d  r e f l e c t  t h e  a c t i v i t y  
o f  t h e  l a m i n a  ( t h e  l a m i n a - o r i g i n  t r a n s i e n t s  a r e  a t t e n u a t e d  d u e  t o  t h e  l i m i t e d  
s l e w - r a t e  o f  t h e  p e n w r i t e r : u p p e r  f r i n g e  =  l a m i n a  o f f - t r a n s i e n t ;  l o w e r  f r i n g e  =  l a m ­
i n a  o n - t r a n s i e n t ) .  R e t u r n i n g  s p e c i f i c a l l y  t o  t h e  r e s p o n s e  t o  a  w h it e  f l a s h i n g  
l i g h t  ( row  4 o n  F i g .  3 ) ,  c o n s i d e r a b l e  c h a n g e s  i n  r e s p o n s e  ( l i g h t - a d a p t a t i o n )  o c c u r  
d u r i n g  t h e  f i r s t  m i n u t e  o r  s o  o f  t h e  s t i m u l u s :  t h e  l o w e r  b o r d e r  ( a f t e r p o t e n t i a l )  
a f t e r  1 s  o f  d a r k n e s s )  r i s e s  a n d  t h e n  f a l l s  a c c o m p a n i e d  b y  n e g a t i v e l y  c o r r e l a t e d  
c h a n g e s  i n  t h e  r e s p o n s e  a m p l i t u d e  ( m a r k e d  A  o n  F i g .  3 ) .  A s  t h e  s t i m u l a t i o n  
p r o c e e d s  t h e  l a m i n a  t r a n s i e n t s  c a n  b e  s e e n  t o  d e c l i n e  p r o g r e s s i v e l y  ( t h i s  e f f e c t  
i s  n o t  t r u l y  l i g h t - a d a p t a t i o n :  t h e  l a m i n a  t r a n s i e n t s  a r e  r e s t o r e d  a f t e r  e i t h e r  
p e r i o d s  o f  c o n t i n u o u s  d a r k n e s s  o r  i l l u m i n a t i o n ;  t h e  e f f e c t  i s  t h u s  a  k i n d  o f  
‘ f a t i g u e ’  d u e  t o  t h e  f a c t  t h a t  t h e  l i g h t  i s  f l a s h i n g ,  W r i g h t ,  i n  p r e p . ) .  W h e n  
t h e  f l a s h i n g  s t i m u l u s  i s  t e r m i n a t e d  t h e  a f t e r p o t e n t i a l  d e c l i n e s  r a p i d l y ;  a n d  a  
r e d  s t i m u l u s  3 0  s  l a t e r  i n d u c e s  n o  f u r t h e r  d e c l i n e  ( i . e .  t h e r e  i s  n o  P C N A ) .
C o n t r a s t  t h e  l i g h t - a d a p t a t i o n  d e s c r i b e d  i n  t h e  p r e v i o u s  p a r a g r a p h  w i t h  t h e  
a d a p t a t i o n  v i s i b l e  o n  t h e  r e m a i n i n g  r e c o r d s  o f  F i g u r e  3  (row s 1 to  3 ) .  T h e  s t i m u ­
l u s  r e g i m e  r e s u l t i n g  i n  t h e s e  r e c o r d s  w a s  s i m i l a r  t o  t h a t  d e s c r i b e d  a b o v e  e x c e p t  
t h a t  t h e  f l a s h i n g  s t i m u l u s  w a s  a  b l u e  l i g h t  o f  a  r a n g e  o f  i n t e n s i t i e s  ( row  1 : 7 . 8 ,  
6 . 2 ,  4 . 9 ,  1 . 9 ;  r o w  2 : 1 . 2 ,  0 . 7 8 ;  r o w  3 : 0 . 3 9 ,  x  1 0 1 4  p h o t o n s  c m ~ 2 s _ 1 ) .  A g a i n  
n o n - s p e c i f i c  l i g h t - a d a p t a t i o n  i s  v i s i b l e ,  p a r t i c u l a r l y  o n  t h e  s e c o n d  r e c o r d  o f  
r o w  2  ( m a r k e d  A )  b u t  a  n e w  c o m p o n e n t  a p p e a r s :  b l u e - a d a p t a t i o n .  B l u e - a d a p t a -  
t i o n  i s  v i s i b l e  i n  t h e  r e c o r d s  o f  F i g u r e  3  a s  ( a )  a n  a s y m p t o t i c ,  o r  o v e r s h o o t i n g ,  
r i s e  o f  t h e  a f t e r p o t e n t i a l  ( l o w e r  b o r d e r  o f  t h e  d a r k ,  c e n t r a l  b a n d  o f  t h e  E R G )  
a c c o m p a n i e d  b y  ( b )  a  n e g a t i v e l y  c o r r e l a t e d  p r o g r e s s i v e  d e c l i n e  o f  r e s p o n s e  a m p l i ­
t u d e  a n d ,  i n  s e q u e n c e ,  ( c )  t h e  g r a d u a l  e l i m i n a t i o n  o f  t h e  l a m i n a  o f f - t r a n s i e n t  
( u p p e r  f r i n g e )  a n d  ( d )  t h e  l a m i n a  o n - t r a n s i e n t  ( l o w e r  f r i n g e )  f o l l o w e d  b y  ( e )  
t h e  a p p e a r a n c e  o f  a  n e w  o n - t r a n s i e n t ,  o f  s l o w e r  s p e e d ,  T 3  o n  F i g u r e  3 .  T h e  
a f t e r p o t e n t i a l  c h a n g e s  a s s o c i a t e d  w i t h  b l u e - a d a p t a t i o n  a r e  p r o l o n g e d ,  f o r  i n ­
s t a n c e  a  P C N A  i s  v i s i b l e  w h e n  t h e  b l u e  f l a s h i n g  l i g h t  i s  s w i t c h e d  o f f  ( r o w s  1 
to  3  o n  F i g .  3 )  a n d  d e c l i n e  d u r i n g  a n d  a f t e r  t h e  s e c o n d  1 0  s  r e d  s t i m u l u s .  T h e  
m o n o p h a s i c  n a t u r e  o f  t h e  S R  v i s i b l e  o n  t h e s e  r e c o r d s  ( s e e  a l s o  i n s e t  B )  a n d  
t h e  s a t u r a t i n g ,  o r  n e a r  s a t u r a t i n g ,  P C N A s  d u r i n g  t h e  3 0  s  d a r k  p e r i o d  f o l l o w i n g  
t h e  b l u e - a d a p t a t i o n  s h o w  t h a t  R i _ 6  a r e  a l m o s t  c o m p l e t e l y  u n r e s p o n s i v e  a f t e r  
t h e  d o s e s  w e  h a v e  a p p l i e d .  A d d i t i o n a l  d a t a  t o  b e  p u b l i s h e d  a t  a  l a t e r  d a t e  
s h o w s  t h a t  i n t e r m e d i a t e  d o s e s  o f  b l u e  l i g h t  r e s u l t  i n  i n t e r m e d i a t e  m a g n i t u d e s  
o f  P C N A  ( W r i g h t ,  i n  p r e p . ) .
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Table 2. Inverse correlations between intensity and duration of blue light required to produce 
three criterion changes in ERG response
Criterion Label on Figure 3 r df P
loss of lamina off-transient T1 0.99 12 <0.01
loss of lamina on-transient T2 0.99 12 <0.01
appearance of new on-transient T3 0.98 10 <0.01
S t a r k  ( 1 9 7 5 )  r e p o r t e d  t h a t ,  o v e r  a  w i d e  r a n g e  o f  i n t e n s i t i e s ,  t h e  a m o u n t  
o f  b l u e  l i g h t  r e q u i r e d  t o  p r o d u c e  a  c r i t e r i o n  c h a n g e  i n  E R G  r e s p o n s e  i s  i n d e p e n ­
d e n t  o f  t h e  i n t e n s i t y  o f  l i g h t  u s e d .  O u r  d a t a  a r e  i n  a g r e e m e n t  w i t h  h i s  f i n d i n g :  
w e  f i n d  a  h i g h  c o r r e l a t i o n  b e t w e e n  t h e  d u r a t i o n  o f  t h e  i l l u m i n a t i o n  r e q u i r e d  
t o  p r o d u c e  t h r e e  d i f f e r e n t  c r i t e r i o n  c h a n g e s  i n  t h e  E R G  a n d  t h e  r e c i p r o c a l  
o f  t h e  i n t e n s i t y  o f  b l u e  l i g h t  i n d u c i n g  t h e  a d a p t a t i o n .  C o r r e l a t i o n s  o b t a i n e d  
u s i n g  d a t a  f r o m  F i g u r e  3  a n d  a  r e p l i c a t e  w i t h  t h e  s a m e  p r e p a r a t i o n  a r e  t a b u l a t e d  
a b o v e .
T h u s  t h e  c r i t i c a l  p a r a m e t e r  d e t e r m i n i n g  t h e  e x t e n t  o f  b l u e - a d a p t a t i o n  i s  
t h e  a m o u n t  o f  b l u e  l i g h t  i n  t h e  s t i m u l u s .  T h i s  i m p l i e s  t h a t  t h e  p r o g r e s s  o f  
b l u e - a d a p t a t i o n  i s  r e l a t e d  t o  a  s i m p l e  p h o t o c h e m i c a l  c o n v e r s i o n  c r e a t i n g  a  
p r o d u c t  w h i c h  h a s  a  l a r g e  d a r k - d e c a y  t i m e - c o n s t a n t :  p r e s u m a b l y  t h e  g e n e r a t i o n  
o f  M 5 8 0  i n  R | ^  w h i c h  b e h a v e s  i n  t h i s  w a y  ( H a r r i s  e t  a l . ,  1 9 7 6 ) ;  t h e  t i m e -  
c o n s t a n t  r e p o r t e d  f o r  t h e  d a r k - d e c a y  o f  M 5 8 0  i s  a b o u t  6  h  ( P a k  a n d  L i d i n g t o n ,  
1 9 7 4 ) .  I n  o u r  e x p e r i m e n t a l  s i t u a t i o n  a b o u t  1 0 1 6  p h o t o n s  c m - 2  a r e  s u f f i c i e n t  
t o  p r o d u c e  a  s a t u r a t i n g  P C N A .
O r a n g e - A d a p t a t i o n  o f  B l u e - a d a p t e d  E y e s
I n  t h i s  s e c t i o n  w e  r e p o r t  t h e  b e h a v i o u r  o f  t h e  E R G  d u r i n g  o r a n g e - a d a p t a t i o n  
o f  b l u e - a d a p t e d  e y e s ,  w h e n  w e  p r e s u m e  t h a t  R 4 8 0  i s  r e g e n e r a t e d  i n  R i - 6  ( H a r r i s  
e t  a l . ,  1 9 7 6 ) .
T h e  t h r e e  t y p e s  o f  i l l u m i n a t i o n  r e g i m e  d e s c r i b e d  i n  t h e  m e t h o d s  w e r e  u s e d  
t o  o r a n g e - a d a p t  b l u e - a d a p t e d  e y e s .  T h e  f o l l o w i n g  k e y  p o i n t s  e m e r g e :  ( a )  i n  
e a c h  c a s e  t h e  c u r v e  o f  a f t e r p o t e n t i a l  d e c l i n e  i s  s i g m o i d ,  ( b )  t h e  c u r v e  o f  r e c o v e r y  
o f  r e s p o n s e  a m p l i t u d e  i s  a l s o  s i g m o i d  a n d  f o l l o w s  a  s i m i l a r  ( m i r r o r  i m a g e )  
t i m e  c o u r s e  t o  a f t e r p o t e n t i a l  d e c l i n e ,  ( c )  r e s p o n s e  a m p l i t u d e  t o  a  f i x e d  i n t e n s i t y  
s t i m u l u s  i s  n e g a t i v e l y  c o r r e l a t e d  w i t h  t h e  s i z e  o f  t h e  a f t e r p o t e n t i a l  a n d  ( d )  
p r o g r e s s  a l o n g  t h e  s i g m o i d  c u r v e  o f  a f t e r p o t e n t i a l  d e c l i n e  i s  d e t e r m i n e d  b y  
t h e  d o s e  o f  o r a n g e  l i g h t  d e l i v e r e d  i n  t h e  a d a p t i n g  s t i m u l u s  ( t i m e  f o r  5 0 %  d e c l i n e  
o f  a f t e r p o t e n t i a l  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  o f  i l l u m i n a t i o n  u s e d  
f o r  a d a p t a t i o n ) .
F i g u r e  4  s h o w s  d a t a  f r o m  a n  e x p e r i m e n t  i n  w h i c h  b l u e - a d a p t e d  e y e s  w e r e  
o r a n g e - a d a p t e d  w i t h  c o n t i n u o u s  r e d  l i g h t .  T h e  i n t e n s i t y  o f  r e d  l i g h t  p r o d u c i n g  
t h e  c h a n g e s  v i s i b l e  i n  c u r v e s  1, 2 , 3 ,  4  a n d  5  w a s  2 3 . 2 ,  2 . 3 2 ,  1 . 0 7 ,  0 . 5 6 ,  0 . 2 3 ,  
x  1 0 1 ' '  p h o t o n s  c m ' 2 s '  1, r e s p e c t i v e l y .  F i g u r e  4 a  s h o w s  t h e  r e s p o n s e  a m p l i t u d e  
e l i c i t e d  b y  a  c o n s t a n t  i n t e n s i t y  w h i t e  t e s t f l a s h  ( m e a s u r e d  a s  s h o w n  i n  i n s e t  c )  a n d
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Fig. 4a and b. Changes in the ERG of the blue-adapted eye as it is orange-adapted by a continuous 
red light, a shows measurements of the response amplitude elicited by a white testflash; b is 
drawn from tracings of the ERG baseline: the ordinate is measured relative to the orange-adapted 
and dark-adapted level of the baseline; the curves thus show the aflerpotential. The data plotted 
was obtained using 5 intensities of red light to orange-adapt the blue-adapted eyes; the red intensities 
resulting in the curves 1, 2, 3, 4 and 5 were 23.2, 2.32, 1.07, 0.56, 0.23, x 1015 photons cm_2s_ l . 
The arrows on Figure 4b indicate that an equal number of photons has been delivered to the 
preparations when the decline of afterpotential begins
F i g u r e  4 b  w a s  c o m p i l e d  f r o m  t r a c i n g s  o f  t h e  E R G  b a s e l i n e ,  d u r i n g  t h e  r e d  i l l u ­
m i n a t i o n  i n  e a c h  e x p e r i m e n t .  I n  e a c h  c a s e  t h e  r e d  i l l u m i n a t i o n  c a u s e d  a  d e c l i n e  
i n  E R G  b a s e l i n e  ( a f t e r p o t e n t i a l )  a l o n g  a  s i g m o i d  c u r v e .  T h e  f i n a l  l e v e l  o f  t h e  
b a s e l i n e  i s  e q u i v a l e n t  t o  t h e  s t im u l u s - c o i n c i d e n t  r e s p o n s e  f r o m  t h e  o r a n g e - a d a p t e d  
e y e ,  c u r v e  5  r e a c h e d  t h i s  l e v e l  i n  a b o u t  9 0  s .  T h e  d u r a t i o n  o f  t h e  a d a p t i n g  i l l u ­
m i n a t i o n  r e q u i r e d  f o r  5 0 %  o f  t h e  o b s e r v e d  d e c l i n e  o f  t h e  a f t e r p o t e n t i a l  i s  i n v e r s e ­
l y  c o r r e l a t e d  w i t h  i t s  i n t e n s i t y  ( r  =  0 . 9 9 ,  d f = 3 , p < 0 . 0 1 )  a n d ,  a s  c a n  b e  s e e n  f r o m  
t h e  f i g u r e ,  a f t e r p o t e n t i a l  a n d  r e s p o n s e  a m p l i t u d e  f o l l o w  a  s i m i l a r  ( m i r r o r  i m a g e )  
c u r v e ;  a n d  t h e y  a r e  t h u s  n e g a t i v e l y  c o r r e l a t e d .  T h e  a r r o w s  o n  F i g u r e  4 b  i n d i c a t e  
t h e  d e l i v e r y  o f  a n  e q u a l  n u m b e r  o f  p h o t o n s  f o r  t h e  r e s p e c t i v e  c u r v e s ;  t h e i r  
l o c a t i o n  w i t h  r e s p e c t  t o  t h e  b e g i n n i n g  o f  t h e  d e c l i n e  o f  a f t e r p o t e n t i a l  i l l u s t r a t e s  
t h e  i m p o r t a n c e  o f  t h e  d o s e  o f  l o n g - w a v e l e n g t h  l i g h t  i n  d e t e r m i n i n g  t h e  e x t e n t  
o f  o r a n g e - a d a p t a t i o n .
F i g u r e  5  i s  a  m o n t a g e  o f  E R G s  f r o m  a  s e r i e s  o f  e x p e r i m e n t s  u s i n g  a n  o r a n g e  
a d a p t i n g - f l a s h .  P r i o r  t o  e a c h  r e c o r d  t h e  e y e  w a s  o r a n g e - a d a p t e d  a n d  d a r k -  
a d a p t e d .  T h e  i l l u m i n a t i o n  s e q u e n c e  w h i c h  p r o d u c e d  t h e  E R G s  s h o w n  w a s :
( a )  o r a n g e  a d a p t i n g - f l a s h  ( I s  ‘ o n ’ : I s  ‘ o f f ’ )  a p p l i e d ,  t h e n  s w i t c h e d  o f f ,  ( b )  
1 0  s  o f  i n t e n s e  b l u e  l i g h t  a p p l i e d  a n d  f o l l o w e d  b y  3 0  s  o f  d a r k n e s s  ( n o t e  t h e
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Fig. 5. A montage of ERGs illustrating orange-adaptation. Each record shows, in sequence, 
the response of the eye to (a) an orange adapting-flash (Is ‘ on': Is ‘ off’), followed by a brief 
dark period, (b) an intense 10s blue stimulus, followed by 30s of darkness (note the PCNA in 
the now blue-adapted eye), and (c) the re-applied orange adapting-flash. The records were obtained 
using 10 intensities of orange adapting-flash (row 1 : 6.2, 4.9, 3.9, 3.1; row 2: 1.49, 0.99, 0.6; row 3: 
0.29, 0.15; row 4: 0.05, x 1015 photons cm_2s_ *)
P C N A  i n  t h e  n o w  b l u e - a d a p t e d  e y e ) ,  ( c )  o r a n g e  a d a p t i n g - f l a s h  r e - a p p l i e d  — i n ­
d u c i n g  t h e  d e c l i n e  o f  a f t e r p o t e n t i a l  a n d  t h e  r e c o v e r y  o f  r e s p o n s e  a m p l i t u d e  — a n d  
f i n a l l y  s w i t c h e d  o f f .  T h e  m o n t a g e  s h o w s  r e c o r d s  o b t a i n e d  u s i n g  a  s e r i e s  o f  
o r a n g e  i n t e n s i t i e s :  r o w  1 :  6 . 2 ,  4 . 9 ,  3 . 9 ,  3 . 1 ;  r o w  2 :  1 . 4 9 ,  0 . 9 9 ,  0 . 6 ;  r o w  3 :  0 . 2 9 ,  
0 . 1 5 ;  r o w  4 :  0 . 0 5 ,  x  1 0 1 5  p h o t o n s  c m - 2 s - 1 . T h e  r e c o r d s  i l l u s t r a t e  a g a i n  ( a )  
t h e  s i g m o i d  d e c l i n e  o f  a f t e r p o t e n t i a l  a n d  s i g m o i d  r e c o v e r y  o f  r e s p o n s e  a m p l i t u d e ,  
( b )  t h e  d e p e n d e n c e  o f  t h e  r a t e  o f  t h e s e  c h a n g e s  u p o n  t h e  i n t e n s i t y  o f  i l l u m i n a t i o n  
( t i m e  r e q u i r e d  f o r  5 0 %  o f  t h e  o b s e r v e d  d e c l i n e  i n  a f t e r p o t e n t i a l  i s  i n v e r s e l y  
c o r r e l a t e d  w i t h  t h e  o r a n g e  a d a p t i n g - f l a s h  i n t e n s i t y :  r  =  0 . 9 9 4 ,  d f  =  8 ,  / ? < 0 . 0 1 ) ,  
a n d  ( c )  t h e  n e g a t i v e  c o r r e l a t i o n  o f  a f t e r p o t e n t i a l  a n d  r e s p o n s e  a m p l i t u d e .  T h i s  
l a s t  c o r r e l a t i o n  b e c o m e s  i n c r e a s i n g l y  c u r v i l i n e a r  a s  t h e  i n t e n s i t y  o f  t h e  f l a s h e s  
i s  r e d u c e d  — a  v e r y  d i m  f l a s h  i s  n o t  s e e n  t o  i n c r e a s e  t h e  r e s p o n s e  a m p l i t u d e  
u n t i l  t h e  E R G  a f t e r p o t e n t i a l  i s  s u b s t a n t i a l l y  r e d u c e d  ( f o r  e x a m p l e  s e e  t h e  t r a c e  
o f  r o w  4  o n  F i g .  5 ) .  A  p o s s i b l e  i n t e r p r e t a t i o n  o f  t h i s  i s  c o n s i d e r e d  i n  t h e  g e n e r a l  
D i s c u s s i o n .  D e s p i t e  t h i s  e f f e c t ,  h i g h  l i n e a r  c o r r e l a t i o n s  b e t w e e n  a f t e r p o t e n t i a l  
a n d  r e s p o n s e  a m p l i t u d e  a r e  o b t a i n e d  f r o m  a l l  o f  t h e  d a t a  i n  F i g u r e  5 ,  w i t h  
n o  c o r r e l a t i o n  c o e f f i c i e n t  w o r s e  t h a n  r  =  0 . 9 5  ( d f = 5  t o  2 5 ,  /? <  0 . 0 1 ) .
F i g u r e  6  a n d  7  i l l u s t r a t e  t h e  k e y  p o i n t s  w e  w i s h  t o  e m p h a s i z e  i n  t h i s  s e c t i o n .  
B o t h  o f  t h e  F i g u r e s  a r e  d r a w n  f r o m  t h e  s a m e  d a t a  f r o m  e x p e r i m e n t s  o f  t h e  
t y p e  s h o w n  i n  F i g u r e  5 .  D a t a  f o r  t w o  i n t e n s i t i e s  o f  a n  o r a n g e  a d a p t i n g - f l a s h  ( 1 8 0  m s
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Fig. 6. A graph showing the percentage change in the ERG afterpotential (solid symbols), and 
the percentage change in the response amplitude to an orange adapting-flash ( open symbols), during 
orange-adaptation against the number of orange photons delivered to a blue-adapted eye. The 
graph is derived from measurements of records of the type shown in Figure 5. Curves from experi­
ments using two intensities of adapting-flash are defined by the symbols: triangles'. 6.2; circles 
0.62, x 1015 photons cm“ 2s- 1
‘ o n ’ : 1 , 8 2 0  m s  ‘ o f f ’ )  h a v e  b e e n  p l o t t e d :  6 . 2 x l 0 1 5  p h o t o n s  c m “ 2 s _ 1  a n d  o n e  
t e n t h  o f  t h i s .  F i g u r e  6  s h o w s  p e r c e n t a g e  c h a n g e  i n  a f t e r p o t e n t i a l  ( s o l i d  s y m b o l s )  
a n d  p e r c e n t a g e  c h a n g e  i n  r e s p o n s e  a m p l i t u d e  ( o p e n  s y m b o l s ) ,  a s s o c i a t e d  w i t h  
o r a n g e  a d a p t a t i o n ,  a g a i n s t  p h o t o n s  d e l i v e r e d  ( i . e .  t h e  t i m e  s c a l e  o f  t h e  c u r v e  
f o r  t h e  l o w e r  i n t e n s i t y  —  t r i a n g l e s  —  i s  c o m p r e s s e d  b y  a  f a c t o r  o f  t e n  c o m p a r e d  
w i t h  t h e  h i g h e r  i n t e n s i t y  —  c i r c l e s ) .  F i g u r e  7  i s  a  g r a p h  o f  r e s p o n s e  a m p l i t u d e  
a g a i n s t  a f t e r p o t e n t i a l  d u r i n g  t h e  s a m e  e x p e r i m e n t  { s o l i d  c i r c l e s  =  h i g h e r  i n t e n s i t y ,  
o p e n  c i r c l e s =  l o w e r  i n t e n s i t y ) .  F i g u r e  6  c l e a r l y  s h o w s  t h a t  t h e  d e c l i n e  o f  t h e  
a f t e r p o t e n t i a l  i s  c l o s e l y  d e p e n d e n t  u p o n  t h e  a m o u n t  o f  o r a n g e  l i g h t  d e l i v e r e d  
t o  t h e  e y e  ( c o m p a r e  t h e  c u r v e s  d e f i n e d  b y  t h e  s o l i d  s y m b o l s ) ;  a n d  t h a t  t h e  
t i m e - c o u r s e  o f  p e r c e n t a g e  c h a n g e  i n  r e s p o n s e  a m p l i t u d e  i s  v e r y  s i m i l a r  t o  t h a t  
o f  p e r c e n t a g e  c h a n g e  i n  a f t e r p o t e n t i a l  ( c o m p a r e  t h e  l i k e  s y m b o l s  —  t h i s  r e l a t i o n ­
s h i p  i s  i n c r e a s i n g l y  d i s t o r t e d  a s  t e s t f l a s h  i n t e n s i t y  i s  r e d u c e d ) .  F i g u r e  7  c l e a r l y  
s h o w s  t h e  n e g a t i v e  c o r r e l a t i o n  b e t w e e n  r e s p o n s e  a m p l i t u d e  a n d  a f t e r p o t e n t i a l  
a n d  t h a t  t h e  s l o p e  o f  t h e  r e l a t i o n s h i p  i s  d e p e n d e n t  u p o n  t h e  t e s t f l a s h  i n t e n s i t y : 
t h i s  g r a p h  s h o u l d  b e  c o m p a r e d  w i t h  t h e  s i m i l a r  c o r r e l a t i o n  o b s e r v e d  d u r i n g  
b l u e - a d a p t i o n  ( F i g .  2 ) .
T h e  n u m b e r  o f  o r a n g e  p h o t o n s  r e q u i r e d  t o  o r a n g e - a d a p t  t h e  e y e  i s  s i m i l a r  
t o  t h e  n u m b e r  o f  b l u e  p h o t o n s  w h i c h  r e s u l t  i n  f u l l  b l u e - a d a p t a t i o n  ( a p p r o x i m a t e ­
l y  1 0 1 6  p h o t o n s  c m “ 2 ) .
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Fig. 7. A graph of measurements of response amplitude against afterpotential from the same records 
that were used to draw up Figure 6 (solid circles: 6.2; open circles: 0.62, x 1015 orange photons 
cm- ! " 1)
T h e  d a t a  s o  f a r  p r e s e n t e d  s h o w  t h a t  t h e  s i z e  o f  t h e  a f t e r p o t e n t i a l  d u r i n g  
b l u e  a n d  o r a n g e  a d a p t a t i o n  i s  s i g m o i d a l l y  r e l a t e d  t o  t h e  n u m b e r  o f  p h o t o n s  
( e i t h e r  b l u e  o r  o r a n g e )  t h a t  h a v e  b e e n  a b s o r b e d  b y  t h e  v i s u a l  p i g m e n t ;  a n d  
s u g g e s t  t h a t  o r a n g e - a d a p t a t i o n  s i m p l y  r e v e r s e s  t h e  p r o c e s s  o f  b l u e - a d a p t a t i o n .  
I t  i s  i m p l i e d  t h a t  b l u e - a d a p t a t i o n  i s  d u e  t o  t h e  a c c u m u l a t i o n  o f  M 5 8 0 ,  t h a t  
o r a n g e - a d a p t a t i o n  i s  d u e  t o  t h e  e l i m i n a t i o n  o f  M 5 8 0  a n d  c o n s e q u e n t  r e g e n e r ­
a t i o n  o f  R 4 8 0 ,  a n d  t h a t  t h e  P C N A  i s  c l o s e l y  r e l a t e d  t o  t h e  v i s u a l  p i g m e n t  
c o m p o s i t i o n .  T h e  d a t a  f u r t h e r  s h o w  t h a t  w h i l e  a  P C N A  i s  p r e s e n t  i t  i s  h i g h l y  
n e g a t i v e l y  c o r r e l a t e d  w i t h  ( d e t e r m i n e s ? )  t h e  s i z e  o f  t h e  r e s p o n s e  t o  a  t e s t f l a s h  
a n d  h e n c e  t h e  s e n s i t i v i t y  o f  R i - 6 l  t h i s  r e l a t i o n s h i p  i s  f u r t h e r  i n v e s t i g a t e d  i n  
t h e  n e x t  s e c t i o n  a n d  i s  t e r m e d  t h e  a f t e r p o t e n t ia l  e f f e c t  ( A E ) .
E R G  M e a s u r e m e n t s  d u r i n g  E x p o s u r e  o f  t h e  E y e  
to  T w o  A n t a g o n i s t i c  W a v e l e n g t h s  o f  L i g h t
C l a s s i c a l l y  t h e  s e n s i t i v i t y  o f  a  p h o t o r e c e p t o r  i s  r e d u c e d  d u r i n g  i l l u m i n a t i o n  
w i t h  a  b a c k g r o u n d  l i g h t ,  i t  s h o u l d  b e  c l e a r  f r o m  t h e  p r e c e e d i n g  r e s u l t s  ( e . g .  
F i g .  4 )  t h a t  t h i s  i s  n o t  t h e  c a s e  i n  D r o s o p h i l a  i f  a  b l u e - a d a p t e d  e y e  b e c o m e s  
o r a n g e - a d a p t e d  b y  t h e  b a c k g r o u n d  i l l u m i n a t i o n .  W e  s a w  ( e . g .  F i g .  3 )  t h a t  a  
s h o r t - w a v e l e n g t h  a d a p t i n g - f l a s h  r e s u l t s  i n  a  P C N A  a n d  a  r e d u c t i o n  i n  r e s p o n s e  
s i z e ,  t o  t h e  S R  ( i n  t h i s  c a s e  t h e  r e s p o n s e  o f  R 8 ) ;  F i g u r e  8  d e s c r i b e s  t h e  c h a n g e s  
i n  r e s p o n s e  a m p l i t u d e  w h e n  a n  o r a n g e - a d a p t i n g  b a c k g r o u n d  l i g h t  i s  a d d e d  
t o  s u c h  a n  a d a p t i n g - f l a s h .  T h e  d a t a  b e g i n s  w i t h  t h e  e y e  b l u e - a d a p t e d  a t  t h e  
m o m e n t  w h e n  t h e  o r a n g e - a d a p t i n g  b a c k g r o u n d  i s  a d d e d ,  b o t h  l i g h t s  r e m a i n e d  
o n  t h r o u g h o u t  t h e  e x p e r i m e n t  a n d  t h e  r e s p o n s e  a m p l i t u d e  p l o t t e d  i s  t h e  r e s p o n s e
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Fig. 8. A graph showing the time-course of the change in the response amplitude elicited by a 
green adapting-flash (which partially blue-adapts the eye) when a red background light is added. 
The solid symbols show measurements of the total response amplitude while the open symbols 
show measurements believed to correspond to the SR (the response of Rg) which was separately 
measurable in this particular preparation throughout the experiments. Data obtained using three 
intensities of red background are plotted in the figure (squares: 2.3; circles'. 0.23; triangles'. 0.023, 
x 1016 red photons cm _2s” *)
o f  t h e  e y e  t o  t h e  s h o r t - w a v e l e n g t h  a d a p t i n g - f l a s h .  T h e  o n - t r a n s i e n t  o f  t h e  S R  
( t h e  r e s p o n s e  o f  R 8 )  w a s  i d e n t i f i a b l e  t h r o u g h o u t  t h e s e  e x p e r i m e n t s  i n  t h i s  p r e p a ­
r a t i o n ,  a l l o w i n g  c o n t i n u o u s  a s s e s s m e n t  o f  t h e  c o n t r i b u t i o n  o f  R 8  t o  t h e  E R G  
{ o p e n  s y m b o l s ) .  T h i s  r e s p o n s e  b a r e l y  c h a n g e s  d u r i n g  t h e  e x p e r i m e n t s  a n d  c l e a r l y  
R 8  i s  l i t t l e  a f f e c t e d .  T h e  t o t a l  r e s p o n s e  { s o l i d  s y m b o l s )  c h a n g e s  m a r k e d l y  a n d  
t h e  r e s p o n s e  s i z e  i n c r e a s e s  d u r i n g  t h e  l o n g - w a v e l e n g t h  i l l u m i n a t i o n  : p r e s u m a b l y  
d u e  t o  t h e  e l i m i n a t i o n  o f  M 5 8 0  a n d  r e g e n e r a t i o n  o f  R 4 8 0  i n  R ! _ 6 . C u r v e s  
f o r  t h r e e  i n t e n s i t i e s  o f  r e d  b a c k g r o u n d  l i g h t  a r e  s h o w n  ( s q u a r e s : 2 . 3 ;  c i r c l e s :  
0 . 2 3 ;  t r i a n g l e s : 0 . 0 2 3 ,  x  1 0 1 6  p h o t o n s  c i r T 2 s - 1 )  a n d  i t  i s  c l e a r  f r o m  t h e  f i g u r e  
t h a t  t h e  e q u i l i b r i u m  v a l u e  o f  r e s p o n s e  a m p l i t u d e  a n d  t h e  r a t e  a t  w h i c h  t h i s  
e q u i l i b r i u m  i s  a t t a i n e d  a r e  d e p e n d e n t  u p o n  t h e  i n t e n s i t y  o f  t h e  r e d  i l l u m i n a t i o n .
T h e  r e s u l t s  o f  F i g u r e  8  c o u l d  b e  i n t e r p r e t e d  a s  i n d i c a t i n g  t h a t  t h e  r e s p o n s e  
a m p l i t u d e  f r o m ,  a n d  h e n c e  t h e  s e n s i t i v i t y  o f ,  R ! _ 6  i s  d e t e r m i n e d  e n t i r e l y  b y  
t h e  c o n c e n t r a t i o n  o f  R 4 8 0  f o l l o w i n g  p h o t o c h e m i c a l  c o n v e r s i o n  b y  t h e  r e d  l i g h t .  
H o w e v e r ,  a s  b e f o r e ,  w e  f i n d  t h a t  t h e  a f t e r p o t e n t i a l  e f f e c t  ( A E )  a p p l i e s .  F i g u r e  9  
d e m o n s t r a t e s  t h i s  b y  p l o t t i n g  d a t a  ( m e a n +  9 5 %  c o n f i d e n c e  l i m i t s ,  n  =  1 0 )  o n  
t h e  a f t e r p o t e n t i a l  ( s q u a r e s )  a n d  r e s p o n s e  a m p l i t u d e  { c i r c l e s )  f r o m  e x p e r i m e n t s  
s i m i l a r  t o  t h a t  d e s c r i b e d  i n  F i g u r e  8 .  T h e  n e g a t i v e  c o r r e l a t i o n  o f  t h e  A E  i s
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Fig. 9a-c. Afterpotential (measured from the orange-adapted, dark-adapted (10 min) level of the 
ERG baseline) and response amplitude elicited by a blue adapting-flash (8 x 1014 photons cm "!s_1) 
a of the first 10 responses to the blue adapting-flash and 10 responses when the eye became 
blue-adapted, b 1 min after an orange background light was added to the flashing blue light 
(the orange intensity at /og/orangc =  0 was 2.2xl016 photons cm“ 2s_1) and c identical to ‘a’ 
except for the prior adaptation, the data plotted here was obtained from the ERG of the eye 
immediately after the orange/blue mixing at the maximum orange intensity. Mean values ( + 95% 
confidence limits, «  =  10) of measurements of the afterpotential (squares) and response amplitude 
(circles) are plotted on the figure
a p p a r e n t  f r o m  t h e  F i g u r e  ( r = —  0 . 9 7 ,  d f = 7 ,  < 0 . 0 1 ) .  I n  t h e s e  e x p e r i m e n t s
a  b l u e  a d a p t i n g - f l a s h  ( 8 x l 0 1 4  p h o t o n s  c m _ 2 s _ 1 )  a n d  a n  o r a n g e  c o n t i n u o u s  
b a c k g r o u n d  o f  5  i n t e n s i t i e s  ( l o g  / o r a n g e  i s  r e l a t i v e  t o  7 m a x  =  2 . 2  x  1 0 1 6  p h o t o n s  
c m ^ V 1 )  w e r e  u s e d  ( F i g .  9 b ) ,  o r  t h e  b l u e  a d a p t i n g - f l a s h  w a s  u s e d  a l o n e  
( F i g .  9 a ,  c ) .  F i g u r e  9 a  s h o w s  m e a s u r e m e n t s  f r o m  a n  o r a n g e - a d a p t e d ,  a n d  1 0  m i n  
d a r k - a d a p t e d  e y e :  a t  t h e  o r i g i n  t h e  m e a n  v a l u e  o f  t h e  d a r k - a d a p t e d  a f t e r p o t e n t i a l  
i s  s h o w n ;  t h e  r e s p o n s e  a m p l i t u d e  e l i c i t e d  b y  t h e  f i r s t  b l u e  f l a s h  w a s  2 0 . 7  m V .  
M e a n  m e a s u r e m e n t s  o f  t h e  f i r s t  t e n  r e s p o n s e s  t o  t h e  b l u e  a d a p t i n g  f l a s h ,  a n d  
o f  t e n  r e s p o n s e s  w h e n  t h e  r e s p o n s e  h a d  c o m e  t o  e q u i l i b r i u m  ( e y e  b l u e - a d a p t e d )  
a r e  p l o t t e d .  M e a s u r e m e n t s  m a d e  1 m i n  a f t e r  a n  o r a n g e  b a c k g r o u n d  h a d  b e e n  
a d d e d  t o  t h e  b l u e  a d a p t i n g - f l a s h  i l l u m i n a t i n g  a  b l u e - a d a p t e d  e y e  a r e  p l o t t e d  
i n  F i g u r e  9  b .  A s  t h e  i n t e n s i t y  o f  t h e  o r a n g e  l i g h t  i n c r e a s e s  t h e r e  i s  a n  i n c r e a s e  
i n  t h e  r e s p o n s e  a m p l i t u d e  a n d  a  r e d u c t i o n  i n  t h e  s i z e  o f  t h e  a f t e r p o t e n t i a l .  
A t  t h e  m a x i m u m  i n t e n s i t y  o f  t h e  o r a n g e  l i g h t  t h e  m e a s u r e d  a f t e r p o t e n t i a l  r i s e s  
d u e  t o  t h e  s t im u l u s - c o i n c i d e n t  c o r n e a l  n e g a t i v e  r e s p o n s e  o f  t h e  e y e ,  a n d  t h e  
r e s p o n s e  a m p l i t u d e  t o  t h e  a d a p t i n g - f l a s h  f a l l s  ( t h i s  o b s e r v a t i o n  i s  t y p i c a l  o f  
o b s e r v a t i o n s  o f  r e s p o n s e  a m p l i t u d e  a n d  E R G  b a s e l i n e  [ a f t e r p o t e n t i a l ]  w h e n ,  
s a y ,  a n  o r a n g e  b a c k g r o u n d  i s  a d d e d  t o  a n  o r a n g e  t e s t f l a s h ) ;  t h e  m e a s u r e m e n t s
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o f  r e s p o n s e  a m p l i t u d e  a n d  a f t e r p o t e n t i a l  a t  t h i s  i n t e n s i t y  f a l l  o n  t h e  s a m e  r e g r e s ­
s i o n  l i n e  a s  t h e  r e m a i n i n g  d a t a  f r o m  F i g u r e  9 ,  w h i c h  s t r o n g l y  s u g g e s t s  t h a t  
t h e  a f t e r p o t e n t i a l  i s  a  p r i m a r y  d e t e r m i n a n t  o f  r e s p o n s e  a m p l i t u d e  a n d  h e n c e  o f  
s e n s i t i v i t y .
F i g u r e  9 c  s h o w s  m e a s u r e m e n t s  o b t a i n e d  u n d e r  i d e n t i c a l  c o n d i t i o n s  t o  t h o s e  
o f  F i g u r e  9 a  e x c e p t  i n  r e s p e c t  o f  t h e  p r i o r  a d a p t a t i o n  o f  t h e  e y e .  F i g u r e  9 a  
s h o w s  d a t a  f r o m  t h e  e y e  a f t e r  1 0  m i n  o f  d a r k n e s s  f o l l o w i n g  o r a n g e - a d a p t a t i o n :  
F i g u r e  9 c  s h o w s  d a t a  o b t a i n e d  f r o m  t h e  e y e  i m m e d i a t e l y  a f t e r  t h e  o r a n g e / b l u e  
m i x i n g  e x p e r i m e n t  a t  t h e  m a x i m u m  o r a n g e  i n t e n s i t y ;  t h e  e y e  s h o w s  a  m a r k e d  
r e s i s t a n c e  t o  b l u e - a d a p t a t i o n ,  a s  m e a s u r e d  b y  t h e  m e a n  r e s p o n s e  a m p l i t u d e  
a n d  m e a n  a f t e r p o t e n t i a l  o f  t h e  f i r s t  t e n  r e s p o n s e s  t o  t h e  b l u e  a d a p t i n g - f l a s h  
( c o m p a r e  F i g .  9  a ,  c ) ;  e v e n t u a l l y  t h e  e y e  b e c o m e s  b l u e - a d a p t e d  i n  t h e  u s u a l  
w a y .  T h i s  r e s i s t a n c e  t o  b l u e - a d a p t a t i o n  c o r r e s p o n d s  s u p e r f i c i a l l y  t o  s i m i l a r  o b ­
s e r v a t i o n s  o f  t h e  b e h a v i o u r  o f  t h e  B a l a n u s  a n d  L i m u l u s  p r e p a r a t i o n s  ( H o c h s t e i n  
e t  a l . ,  1 9 7 3 ;  M i n k e  e t  a l . ,  1 9 7 3 )  f o r  w e  f i n d  t h a t  i n  d a r k n e s s  i t  d e c a y s  a s y m p t o t i ­
c a l l y  w i t h  t i m e :  s u g g e s t i n g  t h e  a c t i o n  o f  ‘ i n h i b i t o r s ’ . H o w e v e r  i n  D r o s o p h i l a  
t h e  r e s i s t a n c e  i s  n o t  a b s o l u t e ,  a s  a p p e a r s  t o  b e  t h e  c a s e  i n  t h e  o t h e r  s p e c i e s ,  
a n d  d e t e r m i n e s  o n l y  t h e  a m o u n t  o f  s h o r t - w a v e l e n g t h  l i g h t  w h i c h  i s  r e q u i r e d  
t o  b l u e - a d a p t  t h e  e y e .  ( A  f u l l e r  a c c o u n t  o f  t h i s  p h e n o m e n o n  w i l l  a p p e a r  a t  
a  l a t e r  d a t e :  W r i g h t ,  i n  p r e p . )
D a r k  C h a n g e s  in  th e  E R G  o f  F u l l y  B l u e - a d a p t e d  E y e s
T h e  i n d e p e n d e n c e  o f  t h e  d e c l i n e  o f  t h e  P D A  f r o m  t h e  d a r k - d e c a y  o f  m e t a r h o d o p -  
s i n ,  o b s e r v e d  i n  t h e  B a l a n u s  a n d  L i m u l u s  p r e p a r a t i o n s  p r e v i o u s l y  d e s c r i b e d  
( H o c h s t e i n  e t  a l . ,  1 9 7 3 ;  M i n k e  e t  a l . ,  1 9 7 3 ) ,  p r o v i d e d  c r u c i a l  e v i d e n c e  f o r  t h e  
‘ e x c i t o r - i n h i b i t o r ’  m o d e l  o f  v i s u a l  e x c i t a t i o n  i n  t h e s e  s p e c i e s .  T h e  d e c l i n e  o f  
t h e  P C N A  i n  a  f u l l y  b l u e - a d a p t e d  D r o s o p h i l a  e y e  i s  s o  p r o t r a c t e d  t h a t  i t  i s  
d i f f i c u l t  t o  m a k e  a  c o n t i n u o u s  r e c o r d i n g  o f  i t  b e f o r e  ( a )  t h e  p r e p a r a t i o n  d i e s  
( a f t e r  s e v e r a l  h o u r s )  o r  ( b )  a p p a r e n t l y  s p u r i o u s  d r i f t i n g  o f  p o t e n t i a l  ( e i t h e r  
i n  t h e  f l y  o r  i n  t h e  r e c o r d i n g  e q u i p m e n t )  i s  g r e a t e r  t h a n  t h e  e f f e c t  w e  a r e  
t r y i n g  t o  o b s e r v e .  W e  t h e r e f o r e  f o l l o w e d  d a r k - r e c o v e r y  f r o m  b l u e - a d a p t a t i o n  
b y  m o n i t o r i n g  t h e  r e s p o n s e  o f  t h e  e y e  t o  t h r e e  d i m  g r e e n  t e s t f l a s h e s  a t  v a r i o u s  
i n t e r v a l s  a f t e r  b l u e - a d a p t a t i o n .  T h i s  m e t h o d  i m m e d i a t e l y  d e t e c t s  p r o b l e m  ‘ a ’  
a s  i t  a r i s e s ,  a n d  l a r g e l y  o v e r c o m e s  p r o b l e m  ‘ b ’ ;  t h e  a f t e r p o t e n t i a l  s i z e  c a n  
t h e n  b e  a s s e s s e d  a t  t h e  p o i n t s  w h e r e  w e  s u b s e q u e n t l y  o r a n g e - a d a p t  a n d / o r  
b l u e - a d a p t  t h e  e y e .
F i g u r e  1 0  r e p o r t s  d a t a  o b t a i n e d  u s i n g  e x p e r i m e n t s  o f  t h e  t y p e  d e s c r i b e d  
a b o v e .  F i g u r e  1 0 a  s h o w s  t h e  t i m e - c o u r s e  o f  t h e  r e c o v e r y  o f  r e s p o n s e  a m p l i t u d e  
e l i c i t e d  b y  t h e  t e s t f l a s h  ( a s  a  p e r c e n t a g e  o f  t h e  i n i t i a l  [ p r e - b l u e ]  d a r k - a d a p t e d  
r e s p o n s e  s i z e )  a f t e r  b l u e - a d a p t a t i o n  ( c i r c l e s )  a n d  o r a n g e - a d a p t a t i o n  { s q u a r e s ) .  
T h e s e  m e a s u r e m e n t s  w e r e  t a k e n  f r o m  t h e  r e c o r d s  o f  t h e  e x p e r i m e n t  w h i c h  i s  
a l s o  t h e  s o u r c e  o f  t h e  d a t a  r e p r e s e n t e d  b y  t h e  s o l i d  s q u a r e s  o n  F i g u r e  1 0 b  
w h i c h  s h o w s  l o n g - t e r m  c h a n g e s  i n  r e s p o n s e  a m p l i t u d e  ( p l o t t e d  a s  ( r a  — r a b ) /  
( r a Q —  r a b )  x  1 0 0  w h e r e  r a  =  m e a s u r e d  r e s p o n s e  a m p l i t u d e ;  r a b = r a  1 m i n  a f t e r  
b l u e - a d a p t a t i o n ;  a n d  r a D =  t h e  [ p r e - b l u e ]  d a r k - a d a p t e d  r a :  t h u s  t h e  c h a n g e s  p l o t -
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Fig. 10. a Short term changes in response amplitude (as a percentage of the dark-adapted [pre-blue] 
response amplitude, ra0) after blue and orange illumination (long term changes from the same 
experiment are represented by squares in Fig. 10 b). The squares show response amplitudes measured 
after the orange illumination (oversize square) on Figure 10b; the circles show measurements made 
after blue illumination (oversize circles) on Figure 10b. Data represented by solid symbols corre­
sponds to the events shown on Figure 10b; the open symbols show data from events 10 h from 
the beginning of this experiment : the similarity of time-courses after long periods in the blue-adapted 
state is striking, b Percentage change in response amplitude occurring over long periods of darkness 
following blue-adaptation. The oversize squares show measurements made 1 min after an intense 
long-wavelength stimulus; oversize circles indicate measurements made 1 min after an intense short- 
wavelength stimulus. In calculating the data plotted on this figure the response amplitude measured 
1 min after the initial blue-adaptation was subtracted; the recovery of response plotted on this figure 
is believed, therefore, to represent the recovery from blue-adaptation in R i _6
t e d  a r e  p r i n c i p a l l y  t h e  r e v e r s a l  o f  b l u e - a d a p t a t i o n  i n  R ^ e )  a f t e r  b l u e - a d a p t a t i o n .  
I t  i s  c l e a r  f r o m  F i g u r e  1 0 a  t h a t  a f t e r  b l u e - a d a p t a t i o n  ( c i r c l e s )  t h e  r e c o v e r y  
o f  t h e  S R  i s  n e a r  i t s  a s y m p t o t e  w i t h i n  1 m i n  ( r a b )  a n d  t h a t  t h e  s h a p e  o f  
t h e  r e c o v e r y  c u r v e  i s  s i m i l a r  a f t e r  e a c h  o f  t h e  b l u e - a d a p t i n g  s t i m u l i  ( i n d i c a t e d  
b y  o v e r s i z e  c i r c l e s  o n  F i g .  1 0 b ) ;  s i m i l a r l y  t h e  r e c o v e r y  o f  t h e  o r a n g e - a d a p t e d  
r e s p o n s e  ( s q u a r e s )  f o l l o w i n g  l o n g - w a v e l e n g t h  i l l u m i n a t i o n  ( i n d i c a t e d  b y  o v e r s iz e  
s q u a r e s  o n  F i g .  1 0  b )  i s  u n c h a n g e d .  T h e  o p e n  s y m b o l s  o n  F i g u r e  1 0  a  p l o t  d a t a  
o b t a i n e d  t e n  h o u r s  a f t e r  t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t .
F i g u r e  1 0 b  s h o w s  t h e  p e r c e n t a g e  o f  r e c o v e r y  o f  r e s p o n s e  a m p l i t u d e  i n  d a r k ­
n e s s  f o l l o w i n g  b l u e - a d a p t a t i o n ,  e x c l u d i n g  t h e  r e c o v e r y  o c c u r r i n g  i n  t h e  f i r s t  
m i n u t e :  s e e  F i g u r e  1 0 a .  D a t a  f r o m  5  e x p e r i m e n t s  o f  d i f f e r e n t  d u r a t i o n  a r e  
p l o t t e d  o n  t h e  g r a p h ;  i n  e a c h  c a s e  r e c o v e r y  i s  v e r y  s l o w .  A t  p r e s e n t  w e  a r e  
n o t  a b l e  t o  s t a t e  w h e t h e r  t h e  d i f f e r e n c e s  b e t w e e n  t h e  c u r v e s  a r e  d u e  t o  ( a )  e x p e r i ­
m e n t a l  d i f f e r e n c e s  ( t h e  f a s t e r  r e c o v e r i n g  c u r v e s  —  c i r c l e s  a n d  o p e n  t r i a n g l e s  —  
m i g h t  h a v e  b e e n  d u e  t o  s t r a y  l i g h t  r e a c h i n g  t h e  p r e p a r a t i o n ,  c a u s i n g  p h o t i c  
r e g e n e r a t i o n  o f  R 4 8 0 ) ,  ( b )  ‘ r e a l ’  d i f f e r e n c e s  i n  r e c o v e r y  r a t e s  b e t w e e n  f l i e s ,  
o r  ( c )  d i f f e r e n c e s  i n  t h e  a m o u n t  o f  M 5 8 0  a c c u m u l a t e d  d u r i n g  t h e  b l u e - a d a p t a ­
t i o n ;  i f  t h i s  l a s t  i s  t h e  c a s e ,  a n d  l e s s  M 5 8 0  w a s  p r e s e n t  i n  t h e  f l i e s  p r o d u c i n g  
t h e  f a s t e r  r e c o v e r i n g  c u r v e s ,  t h e n  i t  i s  c l e a r  t h a t  t h e  r e c o v e r y  o f  r e s p o n s e  a m p l i ­
B lue/O range A d ap ta tio n  in W hite-eyed Drosophila 123
t u d e  f o l l o w s  a  s i g m o i d  t i m e - c o u r s e .  T h e  f o l l o w i n g  p o i n t s  e m e r g e  u n a m b i g u o u s l y  
f r o m  F i g u r e  1 0  b ,  ( a )  t h e  r e c o v e r y  o f  r e s p o n s e  a m p l i t u d e  t o  a  f i x e d  s t i m u l u s  
i s  e x t r e m e l y  s l o w  ( h o u r s )  a n d  t h i s  t i m e - c o u r s e  i s  o f  t h e  s a m e  m a g n i t u d e  a s  
t h a t  r e p o r t e d  f o r  t h e  d a r k - d e c a y  o f  M 5 8 0  ( 6  h : P a k  a n d  L i d i n g t o n ,  1 9 7 4 ) ,
( b )  l o n g - w a v e l e n g t h  l i g h t  r e s t o r e s  r e s p o n s e  s i z e  a t  a n y  s t a g e  o f  d a r k  r e c o v e r y  
( i n d i c a t e d  b y  o v e r s i z e  s q u a r e s  o n  F i g .  1 0 b ;  s e e  a l s o  F i g .  1 0 a ) ,  ( c )  s h o r t - w a v e -  
l e n g t h  l i g h t  r e d u c e s  r e s p o n s e  s i z e  t o  t h e  b l u e - a d a p t e d  l e v e l ,  a f t e r  l o n g  p e r i o d s  
o f  d a r k n e s s  f o l l o w i n g  b l u e - a d a p t a t i o n  o r  f o l l o w i n g  o r a n g e  a d a p t a t i o n  ( r e s p o n s e s  
f o l l o w i n g  s h o r t - w a v e l e n g t h  a d a p t i n g  s t i m u l i  a r e  m a r k e d  b y  o v e r s i z e  c i r c l e s ) .
T h e s e  d a t a  i n d i c a t e  a  c l o s e  r e l a t i o n s h i p  b e t w e e n  t h e  s t a t e  o f  b l u e / o r a n g e  
a d a p t a t i o n  o f  t h e  e y e  ( m e a s u r e d  b y  r e s p o n s e  t o  a  t e s t f l a s h )  a n d  t h e  v i s u a l  
p i g m e n t  c o m p o s i t i o n .  W e  a s s e s s e d  t h e  s i z e  o f  t h e  a f t e r p o t e n t i a l  a t  t h e  t i m e s  
w h e n  w e  s w i t c h e d  t h e  e y e  o u t  o f  t h e  b l u e - a d a p t e d  s t a t e  ( o v e r s i z e  s q u a r e s  o n  
F i g .  1 0 b ) ;  a l t h o u g h  t h e  o v e r a l l  s i z e  o f  t h e  E R G  r e s p o n s e  w a s  s o m e t i m e s  r e d u c e d  
a f t e r  l o n g  p e r i o d s  o f  b l u e - a d a p t a t i o n ,  a  c l e a r  r e d u c t i o n  i n  t h e  s i z e  o f  t h e  a f t e r ­
p o t e n t i a l  w a s  o b s e r v e d  a f t e r  t h e  l o n g - w a v e l e n g t h  a d a p t a t i o n  a n d  t h e  r e s p o n s e  
a m p l i t u d e  a n d  t h e  s i z e  o f  t h e  a f t e r p o t e n t i a l  w e r e ,  a g a i n ,  h i g h l y  n e g a t i v e l y  c o r r e ­
l a t e d :  w e  c o n c l u d e  t h a t  t h e  P C N A  h a s  a  d u r a t i o n  o f  s e v e r a l  h o u r s  a n d  t h a t  
i t s  m a g n i t u d e  c a n  b e  p r e d i c t e d  f r o m  t h e  r e s p o n s e  a m p l i t u d e  d a t a  i n  F i g u r e  1 0  b .
T h i s  f i n d i n g  i n  w h i t e - e y e d  D r o s o p h i l a  c o n t r a s t s  s h a r p l y  w i t h  t h e  b e h a v i o u r  
o f  t h e  P D A  r e p o r t e d  i n  t h e  B a l a n u s  a n d  L i m u l u s  p r e p a r a t i o n s  ( H o c h s t e i n  e t  a h ,  
1 9 7 3 ;  M i n k e  e t a l . ,  1 9 7 3 ) .  O u r  d a t a  c o n f i r m  t h a t  t h e  d e c a y  o f  M 5 8 0  ( P a k  
a n d  L i d i n g t o n ,  1 9 7 4 )  a n d  t h e  r e c o v e r y  o f  E R G  s e n s i t i v i t y  a f t e r  b l u e - a d a p t a t i o n  
( C o s e n s  a n d  B r i s c o e ,  1 9 7 2 )  a r e  p r o c e s s e s  t h a t  r e q u i r e  s e v e r a l  h o u r s ,  a n d  d e m o n ­
s t r a t e  t h a t  t h e  d e c l i n e  o f  t h e  E R G  a f t e r p o t e n t i a l  p a r a l l e l s  t h e s e  p r o c e s s e s .  M i n k e  
e t a l .  a l s o  r e p o r t e d  t h a t  t h e  P C N A  a n d  t h e  P D A  o b s e r v e d  i n  D r o s o p h i l a  m a y  
l a s t  s e v e r a l  h o u r s  ( M i n k e  e t  a l . ,  1 9 7 5 ) .  T h u s  i n  D r o s o p h i l a ,  w h e r e  b o t h  i n t r a c e l l u ­
l a r  ( P D A :  M i n k e  e t  a l . ,  1 9 7 5 )  a n d  e x t r a c e l l u l a r  ( P C N A :  t h i s  p a p e r  a n d  M i n k e  
e t a l . ,  1 9 7 5 )  e v i d e n c e  o f  t r a n s m e m b r a n e  a f t e r p o t e n t i a l s  i n  R ! _ 6  e x i s t s ,  i t  i s  
c l e a r  t h a t  m e a s u r e m e n t s  o f  s e n s i t i v i t y  m a y  b e  b i a s e d  b y  t h e  a f t e r p o t e n t i a l  e f f e c t ,  
e v e n  s e v e r a l  h o u r s  a f t e r  s p e c t r a l  a d a p t a t i o n .
D iscussion
I t  i s  a p p a r e n t  f r o m  t h e  p r o c e e d i n g  d a t a  t h a t  t h e  b l u e / o r a n g e  a d a p t i n g  b e h a v i o u r  
o f  R !  _  g  i n  w h i t e - e y e d  D r o s o p h i l a  ( j u d g e d  f r o m  o u r  E R G  e v i d e n c e )  d i f f e r s  
f r o m  t h e  s p e c t r a l  a d a p t a t i o n  b e h a v i o u r  o f  B a l a n u s  l a t e r a l  o c e l l i  a n d  L i m u l u s  
m e d i a n  e y e  ( i n t r a c e l l u l a r  d a t a :  H o c h s t e i n  e t  a l . ,  1 9 7 3 ;  M i n k e  e t  a l . ,  1 9 7 3 ) .  T h e r e  
a r e  a l s o  s o m e  d i f f e r e n c e s  b e t w e e n  o u r  D r o s o p h i l a  d a t a  a n d  t h e  r e p o r t e d  b e h a v ­
i o u r  o f  R  i  _  g  ( i n t r a c e l l u l a r  r e c o r d i n g s )  i n  C a l l i p h o r a ,  t h e  o t h e r  f l y  i n  w h i c h  
P D A s  h a v e  b e e n  r e p o r t e d  ( M u i j s e r  e t  a l . ,  1 9 7 5 ) .  A s  i n  t h e  B a l a n u s  a n d  L i m u l u s  
p r e p a r a t i o n s ,  c e r t a i n  s p e c i f i c  h i s t o r i e s  o f  s p e c t r a l  a d a p t a t i o n  a p p e a r  t o  b e  p r e ­
r e q u i s i t e s  i f  a  P D A  i s  t o  b e  o b s e r v e d : t h e  s p e c i f i c  n a t u r e  o f  t h e s e  h i s t o r i e s  a r g u e s  
i n  f a v o u r  o f  t h e  ‘ e x c i t o r - i n h i b i t o r ’  m o d e l  o f  v i s u a l  e x c i t a t i o n  a p p l y i n g  i n  C a l l i ­
p h o r a  ( M u i j s e r  e t a l . ,  1 9 7 5 ) .  W e  h a v e  f o u n d  n o  e v i d e n c e ,  i n  D r o s o p h i l a ,  o f  
s t a t e s  o f  t h e  e y e  f r o m  w h i c h  b l u e - a d a p t a t i o n  w i l l  n o t  a r i s e  g i v e n  a  s u f f i c i e n t
124 R. W right an d  D . Cosens
b l u e  s t i m u l u s :  P C N A s  f o l l o w  a  b l u e  s t i m u l u s  ( a )  s h o r t l y  a f t e r  o r a n g e  r e c o v e r y  
f r o m  b l u e - a d a p t a t i o n  ( F i g s .  1 ,  9 c ,  1 0 a ,  b ) ,  ( b )  s h o r t l y  a f t e r  a n  o r a n g e  p u l s e  
d e l i v e r e d  t o  a n  o r a n g e - a d a p t e d  e y e  ( F i g s .  3 ,  5 ) ,  ( c )  a f t e r  l o n g  p e r i o d s  o f  d a r k n e s s  
f o l l o w i n g  b l u e - a d a p t a t i o n  ( F i g .  1 0 a ,  b ) ,  ( d )  a f t e r  p a r t i a l  r e c o v e r y  f r o m  p a r t i a l  
b l u e - a d a p t a t i o n  ( i . e .  b l u e - a d a p t a t i o n  i s  c u m u l a t i v e :  F i g s .  1 ,  2 ,  3 )  a n d  ( e )  l O m i n  
a f t e r  o r a n g e - a d a p t a t i o n  ( F i g .  9 a ) .  W e  d o  o b s e r v e  q u a n t i t a t i v e  d i f f e r e n c e s  i n  
t h e  a m o u n t  o f  b l u e  l i g h t  r e q u i r e d  t o  p r o d u c e  a  c r i t e r i o n  c h a n g e  i n  t h e  E R G  
( W r i g h t ,  i n  p r e p . ;  a n d  c o m p a r e  F i g .  9 a ,  c ) .  E x c e p t  i n  ‘ o l d ’  p r e p a r a t i o n s  ( w h e r e  
a l l  a s p e c t s  o f  t h e  b e h a v i o u r  o f  t h e  E R G  a r e  s l o w e d  d o w n )  w e  h a v e  f o u n d  
n o  s t a t e s  o f  t h e  e y e  w h i c h  o r a n g e - r e c o v e r y  f r o m  b l u e - a d a p t a t i o n  i s  n o t  p o s s i b l e .  
T h i s  e v i d e n c e  n e i t h e r  r e f u t e s  n o r  c o r r o b o r a t e s  t h e  h y p o t h e s i s  t h a t  a n  ‘ e x c i t o r -  
i n h i b i t i n g ’  i n t e r a c t i o n  u n d e r l i e s  v i s u a l  e x c i t a t i o n  i n  R j - g  o f  D r o s o p h i l a .
T h e  E l e c t r o p h y s i o l o g i c a l  B e h a v i o u r  o /  i ?  1 _  6  in  W h it e - e y e d  D r o s o p h i l a
A  s c h e m a t i c  d e s c r i p t i o n  o f  t h e  b a s i c  f e a t u r e s  o f  t h e  e l e c t r o p h y s i o l o g i c a l  b e h a v ­
i o u r  o f  R i - 6  i s  g i v e n  i n  F i g u r e  1 1 .  T h e  d e s c r i p t i o n  i s  b a s e d  o n  t h e  w a v e l e n g t h -  
s p e c i f i c  e f f e c t s  o n  t h e  r a t e  o f  d a r k - d e c l i n e  o f  t h e  a f t e r p o t e n t i a l  f o l l o w i n g  a  
s t i m u l u s .  T h e  E R G  f a s t  d e c l i n i n g  r e s p o n s e  i s  a s s a y e d  b y  s e n s i t i v i t y  m e a s u r e m e n t s  
a n d  i s  m a x i m a l l y  s e n s i t i v e  i n  t h e  g r e e n  r e g i o n  o f  t h e  s p e c t r u m  ( A m a x » i 4 9 0  n m :  
C o s e n s  a n d  W r i g h t ,  1 9 7 5 ;  M i n k e  e t  a l . ,  1 9 7 5 ) .  T h e  E R G  s l o w - d e c l i n i n g  r e s p o n s e  
( P C N A  a n d  P D A ,  i . e .  t h e  r e s p o n s e  a s s o c i a t e d  w i t h  b l u e - a d a p t a t i o n )  i s  m o s t  
s e n s i t i v e  t o  b l u e  l i g h t  ( A m a x « 4 6 0  n m )  a n d  i s  m o s t  r e a d i l y  r e v e r s e d  b y  o r a n g e  
l i g h t  ( / . m a x  k  5 8 0  n m  : s e e  F i g u r e  5  i n  S t a r k ,  1 9 7 5 ) .  A  m u c h  g r e a t e r  n u m b e r  o f  
p h o t o n s  i s  r e q u i r e d  f o r  b l u e - a d a p t a t i o n  o r  o r a n g e - a d a p t a t i o n  t h a n  a r e  r e q u i r e d  
t o  s a t u r a t e  t h e  r e c e p t o r s  w i t h  g r e e n  l i g h t  ( F i g .  3 ) .
Ms no
d e c lin in g
E R G  fast
T <  3s
? E R G  slow  
d ec lin in q
T  >  3 s
d a rk
relinu la  ce lls| _ , d a r k  -  p o la r i s e d  a s  seen  from  
the E R G  a fte rpo ten tia l
R  I HO
Fig. 11. A schematic description of the electrophysiological response of R, _6 in white-eyed Drosophi­
la. See text for discussion
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T h e r e  i s  a  s t r i k i n g  s i m i l a r i t y  b e t w e e n  t h e  d a t a  a s s o c i a t e d  w i t h  b l u e / o r a n g e  
a d a p t a t i o n  w h i c h  w a s  o b t a i n e d  u s i n g  e x t r a c e l l u l a r  e l e c t r o d e s  ( F i g .  1 i n  C o s e n s  
a n d  W r i g h t ,  1 9 7 5 ;  F i g .  1 i n  M i n k e  e t  a h ,  1 9 7 5 )  a n d  t h a t  o b t a i n e d  u s i n g  i n t r a c e l ­
l u l a r  e l e c t r o d e s  i n  R i _ 6  ( F i g .  1 i n  M i n k e  e t  a h ,  1 9 7 5 ) ;  a n d  b e t w e e n  t h e  i n t e r p r e ­
t a t i o n s  o f  t h e s e  p h e n o m e n a  ( E R G  e v i d e n c e  b a s e d  o n  s p e c t r a l  s e n s i t i v i t y  m e a s u r e ­
m e n t s :  C o s e n s  a n d  W r i g h t ,  1 9 7 5 ;  E R G  e v i d e n c e  b a s e d  o n  d a t a  f r o m  m o r p h o l o g ­
i c a l  m u t a n t s  r e p o r t e d  i n  H a r r i s  e t  a h ,  1 9 7 6 ;  S t a r k ,  1 9 7 5 ;  E R G  e v i d e n c e  a n d  
i n t r a c e l l u l a r  r e c o r d i n g s :  M i n k e  e t  a h ,  1 9 7 5 ) .  T h e s e  s i m i l a r i t i e s  s t r o n g l y  s u g g e s t  
t h a t  b o t h  t e c h n i q u e s  y i e l d  m e a s u r e s  o f  t h e  s a m e  t r a n s m e m b r a n e  e v e n t s  w h i c h  
o c c u r  i n  R ! _ 6 . A  c o n s i d e r a b l e  a m o u n t  o f  e v i d e n c e  i s  a c c u m u l a t i n g  w h i c h  i n d i ­
c a t e s  t h a t  t h e  l i g h t - i n d u c e d  d e p o l a r i s a t i o n  o f  i n v e r t e b r a t e  p h o t o r e c e p t o r s  i s  
c a u s e d  b y  a n  i n f l u x  o f  s o d i u m  w h i c h  r e s u l t s  f r o m  a  l i g h t - i n d u c e d  i n c r e a s e  
i n  p e r m e a b i l i t y  t o  t h i s  i o n  a c r o s s  t h e  t r a n s d u c i n g  m e m b r a n e  ( e . g .  s e e  W u l f f  
e t  a l . ,  1 9 7 5  f o r  r e f e r e n c e s  t o  w o r k  o n  L i m u l u s ) .  I n  a d d i t i o n ,  B r o w n  a n d  C o r n w a l l  
( 1 9 7 5 )  h a v e  r e c e n t l y  s h o w n  t h a t  t h e  P D A  o b s e r v e d  i n  B a l a n u s  p h o t o r e c e p t o r s  
i s  a c c o m p a n i e d  b y  p r o l o n g a t i o n  o f  s u c h  l i g h t - i n d u c e d  p e r m e a b i l i t y .  T h i s  e v i ­
d e n c e  l e a d s  t o  t h e  h y p o t h e s i s  t h a t  a  P D A  r e s u l t s  f r o m  t h e  f a i l u r e  o f  m e m b r a n e  
c o n d u c t a n c e  c h a n n e l s  t o  c l o s e  f o l l o w i n g  a n  a p p r o p r i a t e  s t i m u l u s .  O n  t h i s  
i n t e r p r e t a t i o n  t h e  f a s t  a n d  s l o w  d e c l i n e  i n  t h e  t r a n s m e m b r a n e  a f t e r p o t e n t i a l  
o f  R j - g  ( s e e n  i n  t h e  E R G  o r  v i a  i n t r a c e l l u l a r  e l e c t r o d e s )  m u s t  r e f l e c t  d i f f e r e n c e s  
i n  t h e  r a t e  o f  c l o s u r e  o f  t h e s e  c h a n n e l s .
A  c o n v i n c i n g  e x p l a n a t i o n  o f  t h e s e  d i f f e r e n c e s  i n  t h e  r a t e  o f  d a r k - c l o s u r e  
o f  t h e  c o n d u c t a n c e  c h a n n e l s  ( a n d  h e n c e  a n  e x p l a n a t i o n  o f  b o t h  t r a n s d u c t i o n  
a n d  t h e  P C N A / P D A  p h e n o m e n a )  m a y  b e  c o n s t r u c t e d  a r o u n d  t h e  ‘ e x c i t o r -  
i n h i b i t o r ’  h y p o t h e s i s  p r o p o s e d  t o  e x p l a i n  t h e  P D A  o b s e r v e d  i n  L i m u l u s  a n d  
B a l a n u s  ( H o c h s t e i n  e t  a h ,  1 9 7 3 ;  M i n k e  e t  a h ,  1 9 7 3 ) ;  a n d  t h e r e  a r e ,  i n  a d d i t i o n ,  
t h e o r e t i c a l  r e a s o n s  f o r  b e l i e v i n g  t h a t  t r a n s m i t t e r s  o f  s o m e  k i n d  a r e  i n v o l v e d  
i n  t h e  e x c i t a t i o n  o f  i n v e r t e b r a t e  p h o t o r e c e p t o r  m e m b r a n e s  ( f o r  a  r e v i e w  s e e  
C o n e ,  1 9 7 3 ) .  H o w e v e r ,  a s  w e  h a v e  n o t e d ,  t h e  h a r d  c o r r o b o r a t i n g  e v i d e n c e  
f o r  a n  ‘ e x c i t o r - i n h i b i t o r ’  i n t e r a c t i o n  i n  R i _ 6  i n  D r o s o p h i l a  i s  l a c k i n g .  T h e  
p r i n c i p a l  p o i n t  o f  d e p a r t u r e  b e t w e e n  t h e  b e h a v i o u r  o f  R i _ 6  i n  D r o s o p h i l a  a n d  
o f  t h e  B a l a n u s  a n d  L i m u l u s  p h o t o r e c e p t o r s  i s  t h a t  w e  w e r e  u n a b l e  t o  d e m o n s t r a t e  
a  d i s p a r i t y  b e t w e e n  t h e  d a r k - d e c l i n e  o f  t h e  P C N A  o f  a  f u l l y  b l u e - a d a p t e d  e y e  a n d  
c h a n g e s  i n  t h e  p h o t o p i g m e n t  c o m p o s i t i o n .  O u r  d a t a  ( F i g .  1 0 b  a n d  t e x t )  c o n f i r m  
t h a t  t h e  b l u e - a d a p t e d  s t a t e  p e r s i s t s  f o r  s e v e r a l  h o u r s  i n  D r o s o p h i l a  ( s e n s i t i v i t y  
d a t a  f r o m  t h e  E R G :  C o s e n s  a n d  B r i s c o e ,  1 9 7 2 ;  d u r a t i o n  o f  P C N A  a n d  P D A :  
M i n k e  e t  a h ,  1 9 7 5 ) :  t h e  d u r a t i o n  o f  t h e  P C N A / P D A  i n  D r o s o p h i l a  c o n t r a s t s  
m a r k e d l y  w i t h  t h e  b r e v i t y  o f  t h e  P D A s  r e p o r t e d  i n  o t h e r  s p e c i e s .  T h e  f a c t  
t h a t  l a r g e  a f t e r p o t e n t i a l s  a r e  m e a s u r a b l e  s e v e r a l  h o u r s  a f t e r  b l u e - a d a p t a t i o n  
a n d  t h a t  a  f u r t h e r  b l u e  s t i m u l u s  w i l l  a g a i n  b l u e - a d a p t  t h e  e y e  o f  D r o s o p h i l a  
( i . e .  r e d u c e  t h e  r e s p o n s e  a m p l i t u d e  a n d  i n c r e a s e  t h e  s i z e  o f  t h e  P C N A :  F i g .  1 0 b  
a n d  t e x t )  a r g u e s  t h a t  t h e  d e c l i n e  o f  t h e  a f t e r p o t e n t i a l  i n  t h i s  s p e c i e s  a c c o m p a n i e s  
t h e  d e c a y  o f  M 5 8 0 ,  o r  o u t l a s t s  t h e  c h a n g e s  i n  p i g m e n t  c o m p o s i t i o n .  T h e  l a t t e r  
o f  t h e s e  i s  u n l i k e l y  s i n c e  a n  o r a n g e  s t i m u l u s  a f t e r  s e v e r a l  h o u r s  i n  t h e  b l u e -  
a d a p t e d  s t a t e  w i l l  a g a i n  o r a n g e - a d a p t  t h e  e y e  ( i . e .  e l i m i n a t e  t h e  P C N A  a n d  
r e s t o r e  t h e  s i z e  o f  t h e  r e s p o n s e  a m p l i t u d e :  F i g .  1 0 b  a n d  t e x t ) .  T h e  d a t a  t h u s  
c o n f i r m  t h e  l o n g  t i m e - c o n s t a n t  f o r  t h e  d a r k - d e c a y  o f  M 5 8 0  ( 6  h :  P a k  a n d
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L i d i n g t o n ,  1 9 7 4 )  a n d  i t  a p p e a r s  t h a t  i n  D r o s o p h i l a  t h e  d e c l i n e  o f  t h e  P C N A / P D A  
i s  d e p e n d e n t  u p o n  t h e  d e c a y  o f  M 5 8 0 .  I t  f o l l o w s  t h a t  t h e r e  i s  a  c o m p o n e n t  
o f  m e m b r a n e  c o n d u c t a n c e  w h i c h  i s  c o r r e l a t e d  w i t h  t h e  n u m b e r  o f  M 5 8 0  m o l e ­
c u l e s  w h i c h  a r e  p r e s e n t  i n  t h e  r e c e p t o r  m e m b r a n e s  o f  R i _ 6 .
O u r  h y p o t h e s i s  t h a t  t h e r e  i s  a  c o m p o n e n t  o f  m e m b r a n e  c o n d u c t a n c e  i n  
R , _ 6  o f  D r o s o p h i l a  w h i c h  i s  c o r r e l a t e d  w i t h  t h e  n u m b e r  o f  M 5 8 0  m o l e c u l e s  
p r e s e n t  i n  t h e  p h o t o r e c e p t o r  m e m b r a n e  i s  s u p p o r t e d  b y  t h e  f o l l o w i n g  a d d i t i o n a l  
e v i d e n c e .
( 1 )  T h e  p h e n o m e n a  o f  b l u e  a n d  o r a n g e  a d a p t a t i o n  a r e  o v e r t  i n  w h i t e - e y e d  
D r o s o p h i l a  ( C o s e n s  a n d  B r i s c o e ,  1 9 7 2 ;  C o s e n s  a n d  W r i g h t ,  1 9 7 5 ;  S t a r k ,  1 9 7 5 ;  
M i n k e  e t  a l . ,  1 9 7 5 )  b u t  n o t  r e a d i l y  o b s e r v e d  i n  t h e  r e d - e y e d  w i l d - t y p e  ( C o s e n s  
a n d  B r i s c o e ,  1 9 7 2 ) :  i n  v i v o  a n d  i n  v i t r o  s t u d i e s  o f  t h e  v i s u a l  p i g m e n t s  o f  w h i t e ­
e y e d  D r o s o p h i l a  r e v e a l  t h a t  b l u e  l i g h t  c a u s e s  t h e  p r o d u c t i o n  o f  M 5 8 0  w h i l e  
o r a n g e  l i g h t  e l i m i n a t e s  M 5 8 0  a n d  r e g e n e r a t e s  R 4 8 0  ( O s t r o y  e t  a l . ,  1 9 7 4 ;  P a k  
a n d  L i d i n g t o n ,  1 9 7 4 ;  H a r r i s  e t  a l . ,  1 9 7 6 ) ,  s i m i l a r  c o n v e r s i o n s  h a v e  n o t  b e e n  
r e p o r t e d  f o r  t h e  r e d - e y e d  f l y .
( 2 )  T h e  e f f e c t s  o f  b l u e  a n d  o r a n g e  a d a p t a t i o n  a r e  c u m u l a t i v e  ( F i g s .  1 ,  2 ,  
3 ,  4 ,  5 ,  8  a n d  9 )  a s  a r e  t h e  a c c u m u l a t i o n  ( u s i n g  b l u e - l i g h t )  a n d  t h e  e l i m i n a t i o n  
( u s i n g  o r a n g e  l i g h t )  o f  M 5 8 0  i n  w h i t e - e y e d  D r o s o p h i l a  ( H a r r i s  e t  a l . ,  1 9 7 6 ) .
( 3 )  W h i t e - e y e d  D r o s o p h i l a  w i t h  r e d u c e d  v i s u a l  p i g m e n t  s h o w  r e d u c e d  P C N A s  
( S t a r k  a n d  Z i t z m a n n ,  1 9 7 6 ) ;  a  s i m i l a r  f i n d i n g  i n  r e s p e c t  o f  t h e  P D A  i s  v i s i b l e  
i n  t h e  r e c o r d s  f r o m  C a l l i p h o r a  ( R a z m j o o  a n d  H a m d o r f ,  1 9 7 6 ) .
A  c o r r e l a t i o n  b e t w e e n  a  c o m p o n e n t  o f  m e m b r a n e  c o n d u c t a n c e  a n d  t h e  
c o n c e n t r a t i o n  o f  M 5 8 0  i n  R t _ 6  n e i t h e r  v a l i d a t e s  n o r  r e f u t e s  t h e  h y p o t h e s i s  
o f  a n  ‘ e x c i t o r - i n h i b i t o r ’  i n t e r a c t i o n  f o r m i n g  t h e  b a s i s  o f  t r a n s d u c t i o n  i n  t h e s e  
c e l l s  i n  D r o s o p h i l a .  I t  d o e s  i m p l y  t h a t  ‘ e x c i t o r s ’  i f  p r e s e n t , h a v e  a  l i f e t i m e  
e x c e e d i n g  t h a t  o f  M 5 8 0  ( t h a t  i s ,  t h e y  h a v e  a  t i m e - c o n s t a n t  o f  d e c a y  o f  g r e a t e r  
t h a n  6  h ) ,  o r ,  a l t e r n a t i v e l y ,  t h a t  ‘ e x c i t o r s ’  l a t c h  o p e n  c e r t a i n  c o n d u c t a n c e  c h a n ­
n e l s  w h i c h  r e m a i n  o p e n  u n t i l  t h e y  a r e  u n l a t c h e d  b y  ‘ i n h i b i t o r s ’ . W h a t e v e r  
t h e  u n d e r l y i n g  m e c h a n i s m  t h e  p e r s i s t e n t  c o n d u c t a n c e  i n c r e a s e  a s s o c i a t e d  w i t h  
t h e  p r e s e n c e  o f  M 5 8 0  a n d  t h e  r e s u l t i n g  r e d u c t i o n  i n  m e a s u r e d  r e s p o n s e  a m p l i t u d e  
( t h e  a f t e r p o t e n t i a l  e f f e c t :  F i g s .  2 ,  7  a n d  t e x t )  m a y  a c c o u n t  f o r  t h e  ‘ s u p r e s s i o n ’ 
o f  r h o d o p s i n  b y  m e t a r h o d o p s i n  r e p o r t e d  i n  C a l l i p h o r a  ( R a z m j o o  a n d  H a m d o r f ,
1 9 7 6 ) .
I n t e r p r e t in g  t h e  A f t e r p o t e n t i a l  E f f e c t
T h e  i n t e r p r e t a t i o n  o f  t h e  o b s e r v e d  c o r r e l a t i o n s  b e t w e e n  r e s p o n s e  a m p l i t u d e  
a n d  E R G  a f t e r p o t e n t ' i a l  ( F i g s .  2  a n d  7 )  d e p e n d s  o n  w h a t  e x a c t l y  t h e  E R G  
i s  m e a s u r i n g .  I f ,  a s  w e  h a v e  a l r e a d y  s u g g e s t e d ,  t h e  c h a n g e s  v i s i b l e  i n  t h e  E R G  
o f  w h i t e - e y e d  D r o s o p h i l a  d u r i n g  b l u e  a n d  o r a n g e  a d a p t a t i o n  r e f l e c t  t r a n s m e m ­
b r a n e  e v e n t s  i n  R i _ 6 , t h e n  c a l c u l a t i o n s  u s i n g  t h e  t y p e  o f  a n a l o g u e  o f  t h e  
t r a n s d u c i n g  m e m b r a n e  d e s c r i b e d  b y  S h a w  ( 1 9 6 8 )  s h o u l d  a c c o u n t  f o r  t h e  a f t e r ­
p o t e n t i a l  e f f e c t .  S h a w ’ s  t y p e  o f  a n a l o g u e  h a s  g a i n e d  c o n s i d e r a b l e  r e s p e c t  i n  
t h e  i n t e r p r e t a t i o n  o f  i n t r a c e l l u l a r  d a t a  ( e . g .  s e e  L a u g h l i n ,  1 9 7 5 )  b u t  d o e s  n o t  
s e e m  t o  h a v e  b e e n  a p p l i e d  t o  E R G  d a t a .  T h e  m o d e l  a s s u m e s  t h a t  t h e  l i g h t -
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i n d u c e d  c o n d u c t a n c e  a c r o s s  t h e  t r a n s d u c i n g  m e m b r a n e  i s  p r o p o r t i o n a l  t o  l i g h t  
i n t e n s i t y ,  a n d  p r e d i c t s  a  s i g m o i d  r e l a t i o n s h i p  b e t w e e n  t r a n s m e m b r a n e  p o t e n t i a l  
a n d  t h e  l o g  o f  s t i m u l u s  i n t e n s i t y  ( S h a w ,  1 9 6 8 ) .  C a l c u l a t i o n s  u s i n g  t h i s  t y p e  
o f  a n a l o g u e  r e v e a l  a n  e x p e c t e d  c u r v i l i n e a r  n e g a t i v e  c o r r e l a t i o n  b e t w e e n  t h e  
r e s p o n s e  t o  a  f i x e d  i n t e n s i t y  s t i m u l u s  a n d  t h e  a f t e r p o t e n t i a l  p r o d u c e d  b y  a n  
i n d e p e n d e n t  s o u r c e  o f  c o n d u c t a n c e ,  a n d  t h a t  t h i s  n e g a t i v e  c o r r e l a t i o n  b e c o m e s  
i n c r e a s i n g l y  l i n e a r  a s  t h e  i n t e n s i t y  o f  t h e  s t i m u l u s  i s  i n c r e a s e d : w h i c h  i s  e x a c t l y  
t h e  r e l a t i o n s h i p  r e p o r t e d  i n  t h e  r e s u l t s  s e c t i o n  ( e . g .  s e e  F i g .  5  a n d  a c c o m p a n y i n g  
t e x t ) .  I t  a l s o  f o l l o w s ,  d i r e c t l y ,  f r o m  t h e  m o d e l  t h a t  a n  e x p o n e n t i a l  d e c l i n e  o f  
c o n d u c t a n c e  r e s u l t s  i n  a  s i g m o i d  d e c l i n e  i n  a f t e r p o t e n t i a l :  w e  o b s e r v e  s i g m o i d  
d e c l i n i n g  a f t e r p o t e n t i a l s  w h e n  M 5 8 0  i s  e l i m i n a t e d  e x p o n e n t i a l l y  ( F i g s .  4 ,  5 ,  6 ) .  
I t  a p p e a r s  t h a t  i n  t h e  w h i t e - e y e d  D r o s o p h i l a  ( w h e r e  t h e  r e t i n u l a  c e l l s  o f  a l l  
o f  t h e  o m m a t i d i a  t e n d  t o  r e s p o n d  i n  c o n c e r t )  t h e  m e m b r a n e  a n a l o g u e  w i l l  
d e s c r i b e  d a t a  f r o m  t h e  E R G ,  a s  i t  d o e s  d a t a  f r o m  i n t r a c e l l u l a r  r e c o r d i n g s  
( S h a w ,  1 9 6 8 ;  L a u g h l i n ,  1 9 7 5 ) .  I t  i s  i m p l i e d  t h a t ,  a t  l e a s t  i n  t h e  p a r t i c u l a r  e x p e r i ­
m e n t a l  s i t u a t i o n  o f  b l u e / o r a n g e  a d a p t a t i o n ,  t h e  E R G  o f  w h i t e - e y e d  D r o s o p h i l a  
i s  r e v e a l i n g  e v e n t s  w h i c h  o c c u r  a c r o s s  t h e  t r a n s d u c i n g  m e m b r a n e  o f  p h o t o r e c e p ­
t o r  c e l l s .
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